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ABSTRACT

This report describes the research performed over the period of 1 January 1999 to 31 December
1999 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the topic “Acoustic
Transduction: Materials and Devices” brings together work from the Materials Research Laboratory
(MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and Vibrations (CAV) at
The Pennsylvania State University. As has become customary over many years research on the program is
described in detail in the 87 technical appendices to this report and only a brief narrative description
connecting this research is given in the text.

Perhaps the most outstanding accomplishment of the year is a “spin on” from our earlier single
crystal studies now involving Brookhaven National Laboratory and Professor Gonzalo’s group in Madrid,
Spain. Using exceptionally homogeneous polycrystal lead zirconate titanate samples prepared in MRL,
precise synchotron x-ray analysis has confirmed a new monoclinic phase at lower temperature in
composition close to the important morphotropic phase boundary. This work demands a re-thinking of
both intrinsic and extrinsic contributions to response in this most important practical transducer material
family. Domain Engineering/Domain Averaging in lead zinc niobate:lead titanate (PZN:PT) in lead
magnesium niobate:lead titante (PMN:PT) and inn barium titanate (BaTiO3) continues to offer single
crystal systems with outstanding transducer and actuator properties and new insights into the field
induced strain mechanisms in all perovskite type piezoelectrics. Excellent progress with the new high
strain irradiated P(VDF:TrFE) relaxor ferroelectric copolymer system has helped catalyze a new DARPA
initiative in this area and a re-awakening of interest in the whole area of electrostrictive polymer systems.

A primary objective of this MURI grouping was to help shorten the time constant for new
materials and device concepts to be applied in practical Navy Systems. We believe this has now been
realized in joint work on the composite cymbal type flextensional arrays for large area projectors, and in
the progress made towards a micro-tonpilz array system.

Original work on new step and repeat piezoelectric high strain systems continues to make good
progress now using commercial motion rectifiers to produce both linear and rotary systems with high
torque capability. New composite designs are pushing toward | mm diameter motors in the size regimen
where there are real difficulties for conventional electromagnetic designs.

A new area of activity this year is in piezoelectric transformers where a circular symmetry design
in conjunction with controlled inhomogeneous poling is shown to offer capabilities which are of real
interest for energy recovery actuator power systems. Basic studies have evolved a new environmental
SEM technique for high resolution domain wall studies without changing problems. Work is continuing
on reliable measurements of electrostrictive constants in simple solids confirming by both direct and
converse methods and permitting the first generalization of trends in these fundamentally important
coupling constants.
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PLZT Ceramics Prepared from Conventional and
Microwave Hydrothermal Powders
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Phase pure PLZT (3/52/48) powders were synthesized at a low temperature of 138°C by both
conventional and microwave hydrothermal (MH) methods without using excess lead content.
PLZT ceramics fabricated from the above powders resulted in 96% of theoretical density
upon sintering. Properties such as crystallinity, morphology of the as prepared MH powders
and densification and microstructure of the sintered pellets were studied. These properties of
MH samples were compared with the properties of those prepared by conventional hydro-
thermal method (CH).

Keywords: Microwave and conventional hydrothermal; PLZT ceramics

INTRODUCTION

Lanthanum doped lead zirconate titanate (PLZT) ceramics have emerged as the
most promising family of materials'"! for electrooptic? and photostriction®’
applications. Many solid state reaction processes have been reported[“'sl and the
studies suggest the importance of chemical homogeneity and powder
sinterability for low processing temperatures in fabricating high quality
ceramics. It is well recognized now that high quality sinterable powder is an

essential prerequisite for multicomponent ceramics. Sol-gel process is a

* Permanent address: Institute of Materials Research and Engineering (IMRE), National
University of Singapore, Singapore -119260
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versatile technique to prepare very fine powders because of distinct advantages
such as low processing temperature, better control over stoichiometry and
chemical homogeneity. We have reported PLZT ceramics with greater than 93%
of theoretical density by sol-gel process[3 1. Besides the above two methods for
the fabrication of fine powders, hydrothermal method has gained its importance
in the fabrication of highly dense electroceramics from very fine powders. In
CH method the reactions are carried out in an aqueous environment in the
presence of hydroxide ion!®. The advantages of hydrothermal method are (i)
low temperature process, (ii) environmentally friendly as the reactions are
carried out under closed system conditions, (iii) teflon-lined bombs are used
which is very important for highly caustic solutions when used and (iv) ultrafine
powder synthesis. There are no reports on the synthesis of PLZT powders by
hydrothermal method to the authors’ knowledge.

A recent innovation of the hydrothermal process is the introduction of
microwaves into the reaction vessels to produce fine ceramic powders rapidlym.
The primary advantages of using microwaves in the hydrothermal system are (i)
rapid kinetics leading to savings of time and energy (ii) rapid internal heating
and (iii) synthesis of new materials. In view of the above advantages, an
attempt is made here to prepare PLZT by MH method and evaluate this method
for its phase formation, sinterability and microstructure in comparison to that

prepared by CH method.

Experimental
Aqueous solutions of lead nitraté [Pb(NOs),], lanthanum chloride [LaCls],

niobium chloride [NbCls], oxyzirconium chloride [ZrOCl2.8H;0] and titanium
tetrachloride [TiCly] of reagent grade (Aldrich) were the starting chemicals to
get the composition' (Pbo.gsLao.03) (Zro.51Tio.47Nbo.01)Os. Stoichiometric inorganic
salts of (IM) lead nitrate, (0.5M) oxyzirconium chloride, (0.3M) lanthanum

chloride and (0.01M) niobium chloride were dissolved in 20 ml of 0.5 M
aciueous solution of TiCls followed by the addition of KOH (to make the
solution 10M with respect to KOH) as a catalyst of the hydrothermal reaction
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(Table 1). The mixture was stirred with teflon bar for 30 minutes in 125 ml
capacity teflon vessel of Parr bomb (Parr Instrument Co., USA).The
experimental set up for MH and CH were described in our earlier work ). It
was assumed in this study that 49 psi was equivalent to 138°C. After the MH
and CH treatments, the solid and solution phases were separated by
centrifugation before characterization. For powder XRD studies, the solid
fractions were dried below 100°C after they were washed with deionized water.
Powder XRD patterns of the dried samples were recorded using X-ray
diffractometer (Scintag model DMC 105), with Cuka radiation in the range of
20-60° 20. The powders were pressed into disks and sintered at 1150, 1250°C
for 4hrs & 1270°C for 2hrs. Densities of the sintered bodies were measured by
the Archimedes’ method. Microstructural studies were done on samples |
thermally etched at 1200°C for 20 mins. A gold layer was then sputter coated
on the samples. Microstructural investigation was performed with a scanning

electron microscope (Model ISI-DS-130, Akashi Beam Tech. Corp., Japan).

Results and discussion

The experimental data obtained in the synthesis of PLZT by MH and CH
methods are sﬁown in Table. 1. From the data, it is clear that phase pure PLZT
was obtained at the lowest temperature used i.e., 138°C by MH as well as CH
methods. In the case of MH method, 2 hrs of treatment time was used to obtain
the phase pure PLZT powders while 2.5 hrs was used in the case of CH method.
XRD patterns for both MH and CH as prepared powders are depicted in Figure
1, SEM micrographs for the PLZT powders prepared by MH and CH methods
are shown in Figure 2. It is obvious from the figure that both MH and CH
methods yielded aggregated powders with particle diameter in the range of 1-
4um, the crystals were of cubic morphology. The pellets prepared from the
powders obtained by both MH and CH proceséing conditions were sintered at

1150, 1250°C for 4hrs and 1270°C/2hrs. All the characterization studies were
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done on the pellets with the highest density prepared from powders obtained by
both MH and CH at 138°C and sintered at 1250°C for 4 hrs.

Microwave-hydrothermal 138°C/2.0 hrs

A A N

Conventional-hydrothermal 138°C/2.5 hrs
R R L ! A ] A.A Bt e A—~
25 30 35 40 45 50

55 60

Intensity (Arbitary units)

20
26 (degree)

FIGURE 1. XRD patterns of PLZT powders

FIGURE 2. SEM micrographs of PLZT powders synthesized at 138°C

by (a) inicrowave and (b) conventional hydrothermal methods

Figure 3 shows SEM microstructures of PLZT sintered pellets. From
the figure it is clear that in MH method the average grain size is about 2.5 um
whereas CH method yielded ceramics with average grain size around 2 um with

high density (96%) ceramics in both the cases.
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FIGURE 3. SEM micrographs of thermally etched PLZT pellets derived
from (a) microwave and (b) conventional hydrothermal powders

synthesized at 138°C and sintered at 1250°C for 4h.

Conclusion

Phase pure PLZT powders were successfully prepared at a low temperature of
138°C by MH and CH methods. However, the former method may lead to
energy savings because of rapid heating to temperature. No excess lead content
was used during this process. The pellets sintered at 1250°C for 4 hrs showed
96% of theoretical densities and grain sizes of around 3um. No lead vapors
were apparently released during these processes as the reactions were done in

closed system.
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Piezoelectric ceramics are potential high-power electro-acoustic sources, and have been studied for
many years. However, when these devices are driven under high level vibration, the electromechanical
characteristics depart significantly from the conventional linear piezoelectric relationships due to the
Joss and nonlinear behavior in terms of elastic and dielectric properties. In this paper, we present
results concerning the development of modified Pb(Mg;/3Nb2/3)O3-PbTiO; (PMN-PT) ceramics with
improved mechanical quality factors for high-power application. We have focused efforts on base
PMN-PT compositions close to the morphotropic phase boundary. Evidence will be presented which

indicates that the improved mechanical quality factor results from the introduction of “hard”




characteristics into PMN-PT by the substituents. Investigations of the nonlinearity of the
electromechanical properties on the vibrational amplitude were performed using a constant
displacement method. The degradation of the mechanical quality factor with increasing drive

amplitude also presents thermal stability problems for the usage of these materials in high power

_transducer applications.

KEYWORDS: PMN-PT, MPB, high-power piezoelectric, mechanical quality factor, nonlinearity




1. Introduction

Piezoelectric ceramics have been studied for many years, but only recently that interests have
arisen to use them as high-power electro-acoustic projectors/sources such as ultrasonic motors and
transformers. However, when these materials are electrically driven to high mechanical vibration
levels near resonance, the electromechanical property characteristics depart significantly from the
conventional linear piezoelectric relationships'™. The deviations are due to the presence of nonlinear
contributions in both the real and imaginary components of the apparent dielectric, electromechanical,
and elastic responses. Experimentally, with respect to standard piezoelectric resonance methods,
several effects are known to occur under high vibration level excitations. These include: (i) a shift of
the resonance frequency'?; (ii) a decrease of the mechanical quality factor Qm.?. (iii) an appearance of
a jump and/or a hysteresis in the admittance spectrum during a frequency sweep'?; and (iv) heat
generation (due to the lower Qp) that not only degrades the electromechanical propertiess), but also
may result in thermal stability problems for transducer engineers.

The current lack of a deterministic understanding of these nonlinearities presents a serious
problem for their usage in high power applications. Available piezoelectric data on lead zirconate
titanate (PZT) and lead magnesium niobate lead titanate (PMN-PT) ceramics have generally been
obtained only under small fields. -A'few researchers have 'mvesfigated the behavior of piezoelectric
materials under high power driving conditions. Beige and Schmidt have shown the presence of strong
non-linearities in the dielectric, piezoelectric, and elastic responses. These studies were performed
using a resonance method and demonstrated the presence of strong asymmetries in resonance curves.
Phenomelogical analysis demonstrated that the source of all three types of non-linearities was due to
the acentric nature of the polarization. Also, Takahashi et al.¥ have reported high-power

measurements on piezoelectric materials by using constant vibration velocity method. In this method,




the vibration velocity of the specimen is held constant by varying the applied voltage as the frequency
is swept through the natural resonance mode of the specimen. With this constant vibrational velocity
method, asymmetries or hysteresis jumps in the admittance spectrum can be avoided. This method has
been applied to materials such as lead zirconate titanate (PZT) modified with Nb and Fe, lead
_manganese antimonate-lead magnesium niobate-lead titanate (PMS-PMN-PT), and lead manganese
antimonate-lead zirconate titanate (PMS-PZ-PT). In general, it has been found that with increasing
vibration level, the mechanical quality factor, Qm, is decreased dramatically. Tashiro et al.” have also
reported a temperature rise during high drive level conditions in PZT-based materials using this
method.

Undoubtedly, domain wall motions/vibrations contribute significantly to the electromechanical
and mechanical non-linearities. In addition, they will significantly impact the imaginary components
of the responses. It is well known that the dielectric loss factor depends dramatically on the amplitude
of AC electrical field. The large loss factors under moderate drives results in the conversion of a
significant amount of the stored electrical energy into heat. Domain wall motion/ﬁbrations will also
contribute significantly to the apparent piezoelectric and mechanical loss factors®”. In general, these
loss factors have been shown to be directly related to the dielectric loss factor. Also, previous internal
friction investigations of martensitic phases under AC mechanical excitation have revealed the
presence of strong nonlinearities in the mechanical quality factor with increasing drive levels®®. These
nonlinearities result from a stress dependence of the unrelaxed moduli. With increasing AC drive, the
unrelaxed moduli are driven towards the relaxed condition, resulting in ferroelastic domain boundary
motion and a significant decrease in the mechanical quality factor. Clearly, in systems containing

ferroelectric or ferroelastic (proper or improper) domain boundaries, phase angles are dominantly




controlled by the dynamics of domains. In ferroelectric systems, both the dielectric and mechanical
quality factors will be dominated by the dynamics of ferroelectric domains.
In high-power applications, heat generation limits the application of many potential materials.

“Soft” piezoelectric materials are known to have significantly higher performance coefficients, relative

to hard materials”. However, the enhanced performance of “soft” materials can not be taken advantage

of during high power applications, due to thermal stability conditions in transducer design. Rather, the
only materials which can be used in these applications are “hard” piezoelectrics. These materials have
significantly dcgraded piezoelectric coefficients and electromechanical coupling coefficients, relative
to “soft” one. The near linear nature of the polarization under drive in “hard” materials results in much
reduced hysteretic losses on cycling of a field. The reduced losses of “hard” materials result from a
domain wall pinning by defect dipoles. In general, it has been observed that higher valent substituents
induced “soft” behavior, whereas lower valent ones induced “hard” behavior”.

Ideally, for high power transducer applications, one wants the combination of high
electromechanical performance of “soft” piezoelectrics, with the low hysteretic losses of “hard” ones.
Another alternative is the electrostrictive relaxor ferroelectrics, which develops piezoelectric properties
under DC bias'?. These materials have slim quadratic hysteresis loops, but as of yet, their application
in high power transducers has also been limited in part by thermal stability considerations. One of the
purposes of this work was to attempt to develop PMN-PT ceramics which had been modified by
substituents which might induce some degree of “hard” characteristics. High-power, high-Q PMN-PT
based ceramics would have important applications in actuators and transducers.

This paper focuses on the high-power piezoelectric characteristics of Pb(Mg) 3Nb/3)03-PbTiO3
(PMN-PT) based ceramics which have been modified with Fe or Mn. The perovskite lead magnesium

niobate Pb(Mg;3Nby3)03 (PMN) is a well-known relaxor with a diffuse phase transition'?*"®), The



piezoelectric properties of PMN can be enhanced by the addition of PT'. The PMN-PT solid solution
system exhibits a morphotropic phase boundary (MPB) between a pseudo-cubic and a tetragonal phase
at about 30-35 mole % of PT'”. The dielectric and piezoelectric constants for materials near the MPB
are abnormally high as reported by many researchers, such as Lejeune'®. Although the PMN-PT

_system has been actively studied for a small electric-field response, the characterization for high power

applications has seldom been made.

2. Sample Preparation and Experimental Procedure

PMN-PT powd‘ers‘ were formed using the columbite precursor method developed by Swartz
and Shrout'’. In this method, the formation of a parasitic pyrochlore phase (PbsNbsO13) is eliminated.
Specimens were prepared for compositions close to the morphotropic phase ‘boundary (MPB) with a
PT-content of 33 at.% (i.e., 0.67PMN-0.33PT). This composition will be referred to as PMN-PT
through the remaining portions of this paper. Modified PMN-PT ceramics were prepared using Fe or
Mn substituents. These particular substituents were chosen in PZT they are conventionally used for
making the properties “harder”.

In the first stage of powder preparation (columbite precursor step), MgO and Nb,Os powders
were mixed in a stoichiometric ratio. After calcination at 1200°C for 4hrs, a precursor columbite
phase, MgNb,0s, was formed. Single phase columbite formation was confirmed by X-ray diffraction.
In the second stage, the columbite precursor was mixed in stoichiometric ratios with PbO and TiO;. In
order to insure proper mixing of a 30 vol.% slurry with de-ionized water, careful dispersion was
performed by pH adjustments using ammonia, thus reducing both steric hindrance and electrostatic

repulsion (pH adjustment by ammonia). The slurry was vibratory-milled, dried and then calcined at

700°C for 4 hours. The calcined powders were examined by x-ray diffraction to insure phase purity.




The powders were then fabricated into green bodies by cold isostatic pressing (CIP), in order to
increase the green body densities and reduce the deformation due to the inhomogeneous pressure.
Sintering was then performed in a Pb-rich atmosphere by placing a small amount of mixed powders of
PbO and ZrO; in a closed crucible to reduce PbO volatility. Different sintering temperatures and times
.were tested, in order to best determine the sintering profiles for the different samples. After sintering,
the samples were cut and polished to 40mmx5Smmx1mm rectangular plates. Gold-sputtering was then
used to deposit electrodes on both surfaces. Finally, the specimens were poled by being immersed in
silicon oil at 100°C and with an applied field of ~2.5 kV/mm for 20 min.

Scanning electron microscopy (SEM) with energy dispersion x-ray spectroscopy (EDS) (Model
HITACHI S-3500N made by Philips) was used to check the grain sizes and the composition
homogeneity of the specimens. The dielectric properties were measured using a computer controlled
HP 4284A LCR meter. Temperature dependent measurements were performed using a FLUKE 8840
multimeter in conjunction with a Delta Design environmental chamber in the temperature range
between 25 and 250°C. Dielectric measurements were performed both before and after poling. The
polarization and strain were then simultaneously measured as a function of an applied AC electrical
field. The P-E behavior measured using a computer controlled modified Sawyer-Tower circuit. Low
frequency, hysteresis data were obtained using a bipolar triangle waves at room temperature. The
system measured the e-E behavior using an inductance (LVDT) method. The electromechanical
properties were determined by measurement of impedance spectra under low level constant voltage
drive using a HP4194, and by measurements of impedance spectra at different vibration velocities
under constant-current driving conditions. In the constant current method, the voltage applied to the
specimen is varied as the frequency is varied through that of the natural resonance in a manner which

results in a constant vibration velocity. This method avoids asymmetric resonance curves, which are




known to be problems in impedance measurements under high drive power conditions"?. Figure 1

shows the block diagram of this constant current method. Further information concerning this method

has previously been published‘”.

3. Results and discussions
3.1 Crystallographic and microstructures

X-ray diffraction patterns are shown in Figure 2(a) for specimens with 0, 1, 1.7, 2.5, and 3.2
at.% Mn. The pyrochlore/perovskite phase ratios by volume were much less than 0.1% for all these
compositions. Clearly, the Mn-modified specimens used in this investigation were nearly phase pure.
However, for a Mn content of 3.2 at.%, a small additional peak was observed close to the perovskite
200 peak, indicating small concentrations of a secondary phase either associated with pyrochlore
formation or Mn-exsolution. The lattice constants were determined from this data. A plot of the lattice
constant as a function of Mn-concentration is shown in Figure 2(b). From the data in this ﬁgﬁre, it can
be seen that the pseudo-cubic structure does not change significantly with varying Mn doping
concentration, over the range investigated. Similarly, phase pure perovskite materials were found by

X-ray diffraction for Fe-modified PMN-PT.

Grain sizes were determined for Fe- and Mn-modified specimens for various substituent
concentrations by SEM, as shown in Figure 3(a). The grain size of the unmodified base PMN-PT
composition was found to be about 5 um. Upon modification with Fe, the average grain size was
found to decrease to about 3 pm for x=1 at.% and remained unchanged with further increase in Fe
concentration. For the Mn-modified materials, the average grain size was found to be about 5 pm,
which is equal to that of the unmodified base composition. These data clearly demonstrate minor

microstructural changes with compositional modification and with increasing substituent




concentrations. Consequently, changes in properties with increasing substituent concentrations can not
be attributed to changes in microstructural characteristics associated with the polycrystalline nature of
the material. Rather, such changes will need to be explained based on changes in structural-chemical-
property relationships.

The possibility of secondary phase formation was further investigated using the EDS
attachment to the SEM. Small quantities of secondary phases were observed near grain boundaries for
the Mn-modified materials. EDS analysis revealed that the local composition of these regions were
rich in Mn and Mg. This result indicates that Mn does have a limited solubility in the PMN-PT
perovskite phase, tending to exsolve at éoncentrations in excess of about 3 at.%. Similarly, Fe
substituents are known to have limited solubility in PZT, limiting their concentrations in the
fabrication of “hard” piezoelectric ceramics. Thus, in our investigations, substituent concentrations in

excess of 3.2 at.% were not investigated.

3.2  Weak field properties

3.2.1 Fe-modified PMN-PT

Figure 4 shows the mechanical quality factor (Qm) and d3; value for Fe-modified PMN-PT as
a function of Fe-concentration. The mechanical quality factor was found to be approximately 75 and to
be nearly independent of Fe-concentration over the compositional range investigated. These values are
close to those found for conventional “soft” piezoelectrics, such as La-modified PZT (PLZT) or Nb-
modified PZT*"'®)_ In these cases, the relatively large mechanical losses are believed to be directly
due to the large dielectric losses that are incurred under small electrical drives. In “soft” materials,

large losses occur due to domain boundary vibrations or excitations that are readily stimulated under

weak ac drive conditions.




The results in Figure 4 are contradictory to that observed for Fe-modified PZT*??). In both
cases, Fe is substituted onto the B-cation sites. But, in PZT-based materials, Fe-modification results in
the development of “hard” piezoelectric behavior and consequently an enhanced mechanical quality
factor. Whereas in PMN-PT based materials, Fe-modification results in the preservation of “soft”

_piezoelectric behavior and no change in the mechanical quality factor. Obviously, something different
is occurring. A possible explanation resides in the consideration of the multiple B-cation sites that are
available for substituent occupancy in PMN-PT. In PZT based materials, Fe substitution on the B-site
must result in the displacement of a +4 cation (Zr or Ti) for a +3 one (Fe). However,_ inv PMN-PT based
materials, Fe substitution on the B-site can result in either the displacement of a +2 (Mg), a +4 (Ti) or
a +5 (Nb) cation. The B-site cation sublattice that the Fe (+3) preferentially occupies will have a
significant impact upon the charge compensation mechanism, and consequently upon the nature of the
defects that are introduced into the structure that subsequently interact with domains. The lack of
changes in the mechanical quality factor of PMN-PT with increasing Fe-concentration indicates that

the Fe-substituents may prefer to occupy the lower valent sites.

3.2.2 Mn-modified PMN-PT

To induce “hard” characteristics in PMN-PT, it will be necessary to modify the base
composition with a; lower valent substituent on a higher valent site, similar to that for PZT’. In mixed
B-site cation materials, identification of é lower valent substituent is not straight forward, as discussed
above. In the course of this work, various other modified PMN-PT compositions were fabricated.

Interesting results were found for Mn-modified PMN-PT. Data are shown in Figures 5(a)-(d) for these

materials.
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Figure 5(a) shows the mechanical quality factor as a function of Mn-concentration. The
unmodified base composition had a Qy, of approximately 75, as reported above. Upon modification
with one at.% Mn, the mechanical quality factor increased to about 400. Upon further increment of the
Mn concentration, Qy, peaked at about 600 for x=2.2 at.%. At higher concentrations, the value of Q,

.decreased slightly. Clearly, the mechanical quality factor is increased significantly by Mn
modification. The increment in the mechanical quality factor indicates that the PMN-PT properties
may become increasingly “hard” with moderate Mn concentrations. “Hardening” of piezoelectric
behavior is believed to occur due to a pinning of domains by dipolar defects at domain boundaries®.
Thus, the domain boundaries can not dissipate mechanical/electrical energies under weak drives.
Before dielectric or mechanical absorption can occur, the domain depinning must be stimulated.

Further evidence of the “hardening” of the PMN-PT electromechanical behavior can be seen in
Figures 5(b)-(d). In Figure 5(b), the piezoelectric coefficient (ds;) is shown as a function of Mn
concentration. With increasing Mn concentration, the value of d;; can be seen to decrease
dramatically. Upon increment of the Mn content between 0 and 1 at.%, the value of d3; decreased by
approximately 50%. In Pb-based perovskites, the piezoelectric constant at room temperature is
believed to be dominantly due to domain wall contributions'®. In fact, in PZT, Landau-Dernshire
analysis has revealeci that the intrinsic (single crysté.l singie domain) response can account for only
about 20-25% of the experimentally observed values. The remaining portions of the piezoelectric
response have been attributed to domain wall contributions. Consequently, modification of PMN-PT
or PZT base compositions with impurities and/or defects which tend to pin domain boundaries will
result in dramatic decreases in the piezoelectric response. In fact, “hard” PZT materials are well known
to have significantly lower electromechanical performance coefficients for this particular reason. The

data shown in Figure 5(b) is consistent with the conjecture that Mn modification results in a partial
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“hardening” of the piezoelectric behavior of PMN-PT. Also, the elastic compliance (s 1B) is shown in
Figure 5(c) as a function of Mn concentration. With increasing Mn concentration, the elastic
compliance was found to decrease by about 40%, i.e., the elastic constant stiffened. Domain boundary
motion is a dissipative phenomenon which results in a softening of the elastic constant, as is well
‘known in ferroelastic and martensitic materials®?°. Thus, pinning of domain boundaries would result in
a stiffening of the linear elastic constant. In general, as an unrelaxed elastic modulus (i.e., the
mechanical quality factor) is decreased, more elastic energy can be stored within the specimen during
a cycle of a field®. Consequently, the relaxed modulus (i.e., the elastic stiffness) is increased.

The electromechanical coupling coefficient as a function of Mn concentration is shown in
Figure 5(d). The value of the coupling coefficient can be seen to vary some between 0 and 3.2 at.%,
but the value remains in the vicinity of 0.30. The coupling factor does not decrease with increasing Mn
concentration, as the value of di; is decreased. This is because the elastic constant is stiffened, as the
piezoelectric constant is decreased. Less displacement is occurring under electrical drive in the Mn-
modified materials, however the displacement has greater force due to the enhanced elastic stiffness.
Thus, the electromechanical coupling coefficient between stored electrical and mechanical energy
forms is not significantly altered.

The dielectric responses of the Mn-modified PMN-PT specimens are shown in F igure 6. Figure
6(a) shows the 10? Hz room temperature dielectric constant and loss as a function of Mn concentration.
The dielectric constant and dielectric loss factor were both decreased by about 50% with increasing
Mn concentration between 0 and 3.2 at.%. The temperature dependent characteristics of the dielectric
constant for these specimens are shown in Figure é(b). The terﬁperature of the dielectric constant
maximum, which is the effective phase transition temperature, was nearly independent of the Mn

concentration. However, the magnitude of the dielectric constant was significantly altered over a wide
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temperature range. In the temperature range below about 150°C, the dielectric constant was
‘continuously decreased with increasing Mn concentration, as illustrated in Figure 6(b). In the
témperature range between about 150°C and Tpyay, the dielectric constant was increased by Mn
modification. However, at temperatures above Tray, the dielectric constant was decreased by Mn
-modification. Furthermore, in this temperature range, the dielectric constant was strongly dependent
upon small Mn concentrations (<1 at.%), but was nearly independent upon further increments in
concentrations.

The changes in the Mn-dependence of the »dielectric constant with temperature might be
explained by considering the influence of pinning upon the domain dynamics. In the lower temperature
range (25 to 150°C), domains may be pinned by defects induced by Mn modification. Increasing Mn
concentration then results in enhanced pinning effects, and thus a reduction in the magnitude of the
dielectric constant. However, with increasing temperature, thermal energy may be sufficient to cause a
depinning of domains. Over a narrow temperature range near Tmay, the enhancement of the dielectric
constant by Mn modification may occur due to the dynamics of domain depinning under thermal
fluctuations. Stronger dielectric losses were also observed in this temperature range, as shown in
Figure 6(c). Enhanced dielectric absorption with increasing Mn concentration can be understood on
the basis of domain depinning effects.

The suppression of the dielectric constant near and above Tmax by Mn modification, which was
nearly independent of concentration for x>1 at.%, may reflect the influence of defects/impurities on
the residual nature of the diffuse phase transition in PMN-PT. Further evidence in support of this
possibility can be seen in Figure 6(d), which shows the temperature dependent dielectric data taken at
various frequencies (100, 1k, 10k, 100kHz) for undoped and Mn-modified specimens (x=2.5 at.%). In

the unmodified material, a slight frequency dependence was observed only over a narrow temperature
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range about Tyax. However, upon Mn modification, much stronger frequency dispersion was induced.
In PMN-PT materials, over a wide range of PT contents, a local polarization is known to persist until
about 320°C?V. The data in Figure 6(d) indicate that Mn modification results in changes in the local
polarization formation and the subsequent dynamics of the polarization fluctuations. However, Mn
.does not induce relaxor behavior in the lower temperature states. Rather, defect-domain interactions

seemingly occur which result in domain pinning. Further evidences of domain pinning can be found in

the strong field properties.

3.3  Strong field properties of Mn-modified PMN-PT
3.3.1 Polarization and strain behavior

The P-E behaviors are shown in Figures 7(a)-(d) for x=0, 1, 2.5, and 3.2 at.% Mn, respectively.
Correspondingly, the S-E behaviors are shown in Figures 7(e)-(h). With increasing Mn concentration,
the saturation polarization and remanent polarizations are decreased, whereas the coercive field is
increased. These results are consistent with the conjecture that Mn induces a degree of “hardness” into
PMN-PT. In “hard” PZTs, domain pinning by dipolar defects internally biases the polarization. Poling,
then, results in the development of a net dipolar field and an asymmetric hysteresis loop”*?. However,
in the quenched state, random dipolar fields are believed to reduce the switchable polarization, as can
also be observed in Figure 7. Defect pinning enhances the squareness of the P-E curves, and at the
same time also reduces the switchable polarization. Under low to moderate drive levels, reduced
energy losses will be incurred under cycling of an AC electrical field. However, if a threshold field is
exceeded and domain depinning occurs, the energy lost per cycle will increase dramatically.

“Hardening” of the P-E behavior with increasing Mn concentration also results in reduced

electrically induced strains, as shown in Figures 7(¢)-(h). In these figures, it can be seen that the
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saturation strain decreases from ~0.3% to 0.2% with increasing Mn concentration between 0 and 3.2
at.%. In addition, the degree of hysteresis in the butterfly-like loops is also significantly increased,
similarly the value of the piezoelectric coefficient was reduced (see Figure 7(a)-(d)). These results
demonstrate that increasing “hardness” in PMN-PT ceramics results in decreased electromechanical
_performance. Higher mechanical quality factors and lower energy dissipations may be achieved under
low to moderate drives with increasing Mn concentration, however electromechanical performance is

also degraded. Similar trade-offs exist in modified PZT ceramics between “hard” and “soft” varieties.

3.3.2 Amplitude dependent electromechanical properties
For a longitudinal d;; mode with both ends of the sample are mechanically free, the

relationship between vibration velocity v and the driving field Eqo can be written as given in following

equation
_ (1
- AtEd0 +2Zv=0
and
T
y= g0 _4 °33, OF )

where A is the force factor, t is the thickness, Z is the mechanical impedance at the end of the sample,
p is the density, €33" is the relative permittivity at constant stress, and ks; is the coupling factor. From
the resonance frequency and the maximum displacement &, at the ends of the specimen, the vibration

velocity (v) can be estimated by the following equation .
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Figure 8 shows the room temperature impedance spectra for PMN-PT modified with 3.2 at.%
Mn. Data are shown for various vibration velocities. This data was taken using the constant
current/displacement method, which is illustrated in Figure 1.

The impedance spectra in Figure 8 clearly demonstrate significant changes with increasing
vibration velocity. The vibration velocity is linearly proportional to the AC electrical drive field. With
increasing vibration velocity, the minimum in the impedance is shifted in frequency. The frequency of
minimum impedance represents a characteristic frequency at which the amplitude displacement is
most susceptible to small electrical drives. At low vibration velocities, the resonance frequency did not
shift much with increasing velocity in the range of 0.027 to 0.041 m/sec, although significant changes
in impedance were observed. However, with increasing vibration velocity between 0.041 and 0.122
m/sec, significant changes in both the frequency and impedance were observed. At further increments
in the drive velocity, significant changes in frequency were observed, although the magnitude of the
impedance was not changed significantly. Also, changes in the curvatures of the impedance spectra
can be seen with increasing vibration velocity.

These results clearly demonstrate the presence of nonlinearities in the complex elastic
response, which are stimulated under electrical drive. The shift in the characteristic frequency indicates
the presence of higher order elastic constants. The shifting to lower frequencies is due to a softening of
the elastic stiffness under excitation. The changes in the impedance magnitude reflect changes in the
drive amplitude required to achieve a constant displacement. The decrease in the changes in
impedance at higher drive levels indicates the presence of a positive third order nonlinear damping.

However, to be more accurate, it is necessary to calculate the dependence of the elastic constant and
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mechanical quality factor on the vibration velocity. To achieve this, we used equation (4) to calculate
the observed mechanical quality factor Qn, near the resonance frequency, where Vg is the driving
voltage at a frequency f; and f=f;%/f;, Vi, is the driving voltage at the resonance frequency f,, and k, is

then equal to (V4-Vao)/ Vo

Q_= Iy k_(k_ +2) 4).

Figure 9(b) shows the dependence of the resonance frequency on the vibration velocity. This
data could also have been shown as a function of AC electrical drive, because the driving voltage is
linearly proportional to the vibration velocity for low field and become nonlinear when the field
becomes large, as shown in Figure 9(a). From the data in Figure 9(b), the corresponding data for the
dependence of the elastic compliance was calculated, as shown in Figure 9(c). In both figures, data are
shown for specimens with various Mn concentrations. In these figures, the elastic stiffness (and the
resonance frequency) can be seen to increase with increasing Mn concentration. Similar results were
shown earlier in section 3.2. The data also reveals that the elastic stiffness decreases with increasing
vibration velocity for all specimens investigated. However, the degree of elastic nonlinearity was
decreased significantly with increasing Mn concentration.

Figure 9(d) shows the dependence of the mechanical quality factor on the vibration velocity for
specimens with various Mn concentrations. For the base composition, the value of Qn, was low and
decreased from ~75 to 35 with increasing vibration velocity between 0.04 and 0.1 m/sec. In the
vibration velocity range investigated, no threshold was found below which nonlinearity in Qm did not

occur. However, these trends were significantly altered by Mn modification. For Mn concentrations
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greater than or equal to 1 at.%, the value of Qy was dramatically increased and a pronounced threshold
in the vibration velocity was observed below which nonlinearity in Qn was not found. This threshold
velocity was equal to ~ 0.1 m/sec, and was not observed to be dependent upon the Mn concentration
for 1<x<3.2 at.%. With increasing vibration velocity above that of the threshold, the value of Qn
_decreased rapidly, beginning to approach that of the base composition for higher drive levels. Also, the
value of Qr, was different for the various Mn modified compositions at a constant drive level, however
the degree of change in Q, with increasing drive level was relatively constant.

We believe that the nonlinearities in Qn and in the elastic stiffness can be best explained by
considering domain dynamics and domain pinning effects. As discussed in section 3.2, mechanical
damping is incurred due to domain wall vibrations. Nonlinearity in Qg occurs when the domain wall
dynamics are driven by external excitation. Consequently, the relaxed modulus (i.e., the elastic
stiffness) is decreased, as less elastic energy can be stored within the specimen during a cycle of a
field. In the base composition, domain pinning effects may not exist. Consequently, no threshold
vibration velocity is observed. However, in Mn modified materials, before domain dynamics can be
excited, domain breakaway (depinning domains from defects) would have to be driven by the external
field. Consequently, the mechanical quality factor would be high at low and moderate drive levels, but

would decrease significantly as a critical field level is surpassed.

The data in Figure 9 provide important information concerning the role of Mn in PMN-PT
ceramics. The nonlinear complex elastic data provide the strongest support presented in this paper
concerning the presence of domain pinning effects. It also clearly underscores the limitations of these
materials in applications requiring high-power density, high-Q materials. Our materials do have an
improved combination of properties, i.e., a high Qn and good electromechanical properties. However,

the operational range over which these optimized properties can be realized is limited, as the “hard”
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characteristics induced in the PMN-PT are degraded with increasing drive amplitude. The degradation
of Qn with increasing drive amplitude will also result in heat generation and thermal stability

problems, which will also limit the materials usage as high-power sources.

.3.3.3 Heat generation and thermal stability considerations

Heat generation is one of the big problems for materials under high-level drive conditions. The

temperature rise, AT, resulting from heat generation and dissipation effects can be expressed as

follows;
W t
o -
AT=—L__(1-¢e 7), (%)
k(T)A

where W is the loss energy of the sample per driving cycle, o, the resonant angular frequency, A the
surface of the sample, k(T) defined as the overall heat transfer coefficient , and the time constant < is

expressed as

= Mc
T k(A (6)

where M is the mass of the sample, and c is the specific heat.

As t — oo, the maximum temperature rise in the sample becomes

Wo, Wa,
M

kDA Mc

The dissipated-vibration-energy per second, ®,W can then be calculated as follows,
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W =Us,Q, = —;—Mvza),Q;,' ®

U= %KYOES;V ©)

s =Tm (10)
!

g 2 2 1

where U, v, Sm, 1, V, p, and x are the stored mechanical energy, the vibration velocity, the maximum
strain, the vibrator length, the volume, the density and the shape factor, respectively. The shape factor

depends on the vibrator shape and vibration mode.

Figure 10 shows the the saturation temperature rise induced by the mechanical damping as a
function of the vibration velocity. The saturation temperature was determined by balancing the heat
generated by the mechanical dissipation process aﬁd that heat radiated after a period of time while the
sample was being driven under particular vibrational velocities. From equations (7) and (8), it can be
seen that the temperature rise is proportional to the square of the vibrational velocity and inversely
proportional to mechanical quality factor. Because the mechanical quality factor Qn dropped
significantly for vibrational velocities greater than 0.2 m/sec, the temperature rise increased rapidly, as
shown in Figure 10. For a viﬁrational velocity of 0.2 m/sec, the temperature rise was equal to
approximately 20°C for all Mn-modified specimens. This is large, but is a significant improvement
over that for the base PMN-PT composition, which will induce similar temperature rises at

significantly lower vibrational velocities.

In consideration that the dielectric loss factor increases with increasing temperature (see Figure
5(c)), the temperature rise induced by higher vibrational velocities shown in Figure 10 presents a

serious problem for thermal stability conditions. For example, assuming a vibrational velocity of 0.2
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m/sec, a temperature rise of 20°C is encumbered. This temperature rise results in an increase in the
dielectric loss factor, and consequently the mechanical quality factor. In turn, this will increase the
temperature rise, according to equation (8), resulting in yet higher loss factors and lower quality
factors. In applications as high power transducers, this presents a serious heat flux/dissipation problem.

Our results are important in that they show significantly improved mechanical quality factors in
PMN-PT ceramics which are induced by Mn modification. Under high excitation levels, the
mechanical quality factor is seriously degraded. Mn modified PMN-PT ceramics have promise for
improved performance under moderate drive conditions as high performance transducers and
actuators. However, the mechanical quality factor and the nonlinearities induced by increasing
vibrational velocity are still inferior to those found in commercially available “hard” PZT materials,
but the modified PMN-PT compositions developed in this investigation have superior

electromechanical properties.

4. Summary

In this paper, investigations of the influence of Mn and Fe substituents on the
electromechanical properties of PMN-PT were performed. These substituents have conventionally
been used to make PZT electrically “harder”. The purpose of the work was to develop high
performance PMN-PT ceramics with significantly improved mechanical quality factors for higher-
power transducer applications. Our results show that Fe substituents do not significantly affect the
properties of PMN-PT, as commonly occurs in PZT. However, Mn substituents significantly improve
the mechanical quality factor, although its piezoelectric constant is partially compromised in relation
to the base composition. Investigations of the vibrational amplitude dependence of the mechanical

factor revealed a serious decrease with increasing displacement magnitude. Mn-modified PMN-PT has

21




significant promise for high power applications. However, it will be necessary not to exceed a critical

operational power level in order to reduce the total losses and subsequent heat generation.
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Figure 1: High-power measurement system with constant current driving

Figure 2: (a) Xray diffraction patterns and (b) Lattice constant a of

0.67Pb(Mg;/3Nb,;3)03-0.33PbTiO; with x at.%Mn doping

Figure 3: (a)Grain size vs. doping concentration of 0.67Pb(Mg13Nb23)03-0.33PbTiO;
+ x at.% Mn or Fe. (b)SEM picture of 0.67Pb(Mg;3Nb,/3)03-0.33PbTiO; + 3.2 at.%

Mn

Figure 4: Mechanical quality factor Qm and Piezoelectric constant d; of

0.67Pb(Mg13Nby3)03-0.33PbTiO; with x at.% Fe

Figure5: (a) Mechanical quality factor Qm (b) Piezoelectric constant d3; (c) Elastic
constant s;1F (d) Coupling factor ks; of 0.67Pb(Mgy/3Nb,3)03-0.33PbTiO3 with x

at.% Mn

Figure 6: (a) Relative permittivity and dielectric loss of 0.67Pb(Mg1,3Nb2/3)O3-
0.33PbTiOs + x at.% Mn doping at 100 HZ at room temperature. (b) Relative
permittivity and (c) dielectric loss vs. temperature of 0.67PMN-0.33PT with x at.%
Mn doping at 100 Hz. (d) Relative permittivity of PMN-PT (67/33) with 2.5 at.% Mn
doping (lower curves) and without doping (upper curves) after poling for frequencies

of 100, 1k, 10k, 100kHz.




Figure 7: The P-E hysteresis loop of 0.67Pb(Mg1/3Nb/3)03-0.33PbTiO3 with (a) 0
at.%Mn (b) 1 at.%Mn (c) 2.5 at.%Mn (d) 3.2 at.%Mn and the strain vs. electrical filed

for (€) 0 at.%Mn () 1 at.%Mn (g) 2.5 at.%Mn (h) 3.2 at.%Mn

Figure 8: Impedance Spectrum of 0.67Pb(Mg)/3Nby/3)03-0.33PbTiOs + 3.2 at.%Mn

with different vibration velocity x m/sec at room temperature

Figure 9: (a)Vibration velocity vs. driving voltage; (b)resonance frequency, (c)
compliance elastic constant, and (d)mechanical quality factor Qm vs. vibration

velocity of 0.67Pb(Mgi/3Nb3)03-0.33PbTiOs +x at.% Mn .

Figure 10: Temperature rise vs. vibration velocity, and of 0.67Pb(Mg; /3Nb2/3)O3-

0.33PbTiO; + x at.% Mn .
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Abstract

Piezoelectric ceramics are potential high-power electro-acoustic sources, and have been studied
for many years. However, when these devices are driven under high level vibration, the
electromechanical characteristics depart significantly due to the loss and nonlinear behavior in
terms of elastic and dielectric properties. In this paper, we present results conceming the
development of modified Pb(Mg;sNby3)05-PbTiOs (PMN-PT) ceramics for high-power
application. We have focused efforts on base PMN-PT compositions close to the morphotropic
phase boundary. Different mono-doping have been studied to understand the doping effects on
the properties of PMN-PT ceramics and, moreover, to improve the properties for the high-power
application. Of all the substitutents investigated in this study, Mn-doping was found the only one
to improve the properties of PMN-PT significantly for high-power application by reducing the
total loss (including mechanical loss as well as the dielectric loss), yet keeping the coupling
factor constant. This work is supported by Office of Naval Research.

Introduction

Piezoelectric ceramics are potential high-power electro-acoustic sources, and have been studied
for many years. However, there are still some serious problems, such as the durability of the
materials, and the fact that the piezoelectric data obtained for a small applied electric field
becomes less relevant as the field is increased far above the general characterization
condition[1,2]. Presently, the lead zirconate titanate (PZT) family of ceramics with some
acceptor-type doping (Hard PZT) are the most widely used for this kind of application owing to
their excellent dielectric and piezoelectric properties at the morphotropic phase boundary with
the coexistence of tetragonal and rhombohedral phases, allowing increased domain
reorientability and easier polarization as well as the low dielectric loss and high mechanical
quality factor, Qm, which is the inverse of the mechanical loss. However, in hard PZT, the
coupling factor k is quite low and the loss still increases very fast under high-level driving[1].
Thus, investigation of other potential high k materials with more stable and reliable loss
properties is important for transduction application.

The perovskite lead magnesium niobate Pb(Mg;sNb23)O; (PMN) is a well-known relaxor with a
diffuse phase transition. The structure is pseudo-cubic with an average space group symmetry
Pm3m at room temperature, with no evidence of long range ordering of the dissimilar B site
cation sublattices. The disorder in the B site cation is believed to be the cause of relaxor type
behavior in these materials. The piezoelectric properties of PMN can be enhanced with the
addition of PT. The PMN-PT solid solution system exhibits a morphotropic phase boundary
(MPB) between a pseudo-cubic and a tetragonal phase at about 30-35 mole % of PT. [3] The
dielectric and piezoelectric constants for materials near the MPB are abnormally high as reported
by many researchers such as Lejeune. [4] The properties of high k, high d and high energy




density PMN-PTs are very attractive for high-power applications. However, the mechanical
quality factor Qp, is quite low. Although PMN-PT system has been actively studied under a small
AC electric-field condition, the characterization under high power applications has seldom been
performed. Furthermore, there are almost no reports about varying Qm value in PMN-PT by
composition modification. In this study, we investigated doping effects on PMN-PT based
ceramics for the goal of improving the materials for high-power applications.

Sample preparation and experimental procedure

In order to eliminate the formation of a parasitic pyrochlore phase (PbsNbsO13), the columbite
precursor method proposed by Swartz and Shrout [3] was used to prepare PMN-PT on the MPB.
Both A-site and B-site dopants, including the higher valence and lower valence elements were
used to study the effect of doping in PMN-PT. These include La, Li, Na, K, Mn, In, Fe. Excess
Mg and Nb were also studied for comparison. In the first stage, MgO and Nb,Os were mixed in a
stoichiometric ratio, and a precursor columbite phase MgNb,Os was formed after calcination at
1200°C for 4hrs. X-ray diffraction patterns were then taken to check phase formation. In the
second stage, the precursor was mixed in stoichiometric ratios with PbO and TiO,. To insure
proper mixing, both steric hinderenace and electrostatic repulsion (pH adjustment by ammonia),
dispersion mechanisms were required to prepare a 30 vol. % slurry with deionized water. The
slurry was vibratory milled, then dried and calcined at 700°C for 4 hr. Calcined powders were
examined by x-ray diffraction to insure phase purity. To control PbO volatility, sintering was
performed in a lead rich atmosphere by placing a small amount of mixed powder of PbO and
ZrO, in a closed crucible. After sintering, the samples were polished, and gold-sputtering was

used for the electrodes on both surfaces.
The dielectric properties were measured with a computer controlled automated-measurement

system from room temperature to 250°C (HP4284A for electric measurement and FLUKES8840
with an oven for temperature controlling). The electromechanical properties were determined by
measurement of the admittance spectrum under low level constant voltage using an HP4194, and
by measurement of the impedance spectrum vs. different vibration velocity under constant-
current driving conditions [1]. The latter method is different from the conventional impedance
analyzer measurements, where the vibration velocity is significantly increased near the resonance
frequency, leading to jumping and hysteresis problems in the impedance vs. frequency curve due
to the nonlinearity become significant under high level driving.

Results and discussions
a. Basic properties

Table I summaries the dielectric and electromechanical properties for different dopings. Data
taken from previous studies of various doping elements in PZT or PMN-PT, and the radii of
Pb(2+) and Ti(4+), have also been included for reference. Effects of Na and K substituents can
be seen to be almost the same. Both are from the same group (s-oribitals with 1+ valance) and
substitute Pb onto the A sites which have 12-coordination. Both of these substitutents increase
the quality factor Qm a little and reduce the piezoelectric constant. Li is also from the same
chemical group (s-oribital with 1+ valence), yet its ionic radii is smaller (0.6A) relative to Na

(r agz-cny T 0(6-CN))

(0.95A) and K(1.32A). The tolerance factor ¢ = is too small for Li to go
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onto the A-sites and it is too large for it to go onto the B-sites. Consequently, the effect of Li




modification is different from Na and K doping. Fe-modification does not change the properties
of PMN-PT significantly, however for the PZT system, Fe increases Qm to more than 1000. In
PZT, both B-site cation sublattice are occupied by 4+ species, while in PMN-PT occupancy is
composed of multiple valent species, i.e., 2+ (Mg), 5+ (Nb), and 4+ (Ti). If Fe prefers to
substitute for Mg, then, it is either a 3+ (or 2+) species on a 2+ site. In this case, it will not
induce acceptor-type (or “harder”) behaviors in PMN-PT, as it does in PZT. Similar effects were
found in In-modified compositions, as can be seen in Table I. Excess Mg and Nb did not result in
any significant effects on the properties. Possibly because concentrations of one at.% excess are
too small.

Of all the substitutents investigated in this study, Mn was the only one which was found to
behave uniquely. Upon Mn modification, the piezoelectric constant was decreased, however the
quality factor Qm was increasesed significantly. The coupling coefficient k3; was not
~ significantly affected by Mn modification and had a constant value of ~0.3. These changes in the
properties make the materials more suitable for high power transducer applications. Thus, high-
power measurements of Mn-modified samples will shown in the next section.

Table I: The properties of .65PMN-.35PT with 1 at.% doping

£ - 219 ERE LIIT 1] CERRT | o ¢ FEEREST

element La K Na Li Mn Fe In 1\1‘0 Mg
Substitute | A-site | A-site A-site B-site B-site B-site B-site | B-site
site
Valency +3 +1 | +1 +1 +2, +3, +2, 43 +3 +5 +2
+4, +7 '
Behavior | Donor | Acceptor | Acceptor | ? Acceptor | Acceptor | Acceptor | Donor- | Acceptor
in PZT -like | -like -like -like -like -like like -like
Ionic 1.15 1.32 95 .6 (+7).46 (+3).64 .8 .64 72
radii(A) (+4).6 (+2).74
(+3).66
(+2).8
Curie T 50 181.23 178 178.3 | 175 178 187.62 185.9 189
Dieletric | 2300 | 3990 4140 3260 | 2100 3100 3140 4050 3500
constant
Kmax 23000 [ 34800 34800 25600 | 21000 33000 33400 33600 | 38100
Dieletric | .025 012 .0114 .0305 | .009 0116 0118 .024 .02
loss
ds; 280 373 360 546 350 500 - 564 583 540
| Om 76 143 150 68 300 80 88 75 78

Pb (+2) 1.2A, Ti (+4) .68A

A-site cation : 12-coordinated, B-site cation : 6-coordinated

*Used to adjust Tc[3]

**Used to improve the electrical resistance, reduce the sintering temperature and reduce the
temperature coefficient of capacitance ’

***] Used as similar reason of Li. 2.Studied for the age effect.[6]

**%%Can form PFN[5]

*¥%%% Can form PIN[5]

**%k***Can form pyrochlore[3]

*kxkkx* Sintering aid, can reduce pyrochlore but induce grain growth.[3]

Figure 1 shows the temperature and frequency dependence of the dielectric constant as well as
dielectric loss (tand) for 0.65PMN-0.35PT with different substituents. Mn and Li substituents
both depressed and broadened the peak dielectric constant values, shown in Fig 1(a) and (b),




even though Mn had a stronger effect. One possible reason is that they both can form a liquid
phase during sintering resulting in secondary phase formation in the grain boundaries, which
generally reduces the dielectric constant. However, they have very different behavior of
dielectric loss (Tan Delta). While Mn substituents reduce the dielectric loss to less than 1% near
room temperature, specimens with Li retain a value of 3% (Figl (d) and (¢)). The temperature
and frequency dependence of dielectric constant of Na and K-doped samples are shown in Figl
(b). They both exhibited similar results, however Li-modification resulted in significant

differences.
b. Piezoelectric properties under a high-power driving

Heat generation is one of the big problems for materials under high-level driving. The
temperature rise, AT, with a specific sample due to the heat generation is proportional to the loss

as follows

a)OWt'
AT = (1)
' Mc

where mW is dissipated vibration energy per second, M mass of the sample t’ thickness, and ¢

the specific heat capacitance.
The dissipated-vibration-energy per second, ®oW can be calculated as follows

w W = —;—MvszQ"
and )
0" =0y +07
where v, and @, are vibration velocity and resonance angular respectively.
From Eqn(1) and (2), we can get
1 Vo0t
are2
¢ 3)

For longitudinal d3; mode with both ends of the sample are mechanically free, the relationship of
vibration velocity v and the driving field Eq4 can be written as

4 |53,
33,
Vv=— E 4
2\ 31%a0 “)

It can be calculated from the resonance frequency and the maximum displacement &, of the ends
by the following equation »

1
The result of the saturation temperature rise and the total loss increase with an increase of the
vibration velocity for Mn-doped samples are shown on Fig.2(a). From Eqn. (3), the temperature
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Figure 1: Dielectric constant with different frequencies (100Hz, 1kHz, and 10kHz from the
highest to the lowest curve in one group) vs. temperature of .65PMN-.35PT + 1 at.% dopants: (a)
pure and Mn, (b) K, Na, Li, (c) In, excess Mg, and excess Nb; Tan Delta vs. Temperature of
.65PMN+.35Pt + 1 at.% dopants: (d) Li, Na, K, () Mn, In, excess Mg and excess Nb.




rise is proportional to the square of vibrational velocity, and the total loss. The saturation
temperature was decided when the sample temperature become stable due to the balance of heat
generation and radiation after a period of time when the sample driving under some vibrational
velocity. Because the quality factor Q dropped significantly when the vibrational velocity > .2
m/sec (referred to Fig 2(b)), the saturation temperature rise also increased much faster. The
larger Q the sample has, the smaller the saturation temperature rise is.
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Figure 2: The vibration velocity dependence of temperature rise (a) and quality factor Qm (b) of
.65PMN-.35PT + x at.% Mn doping

Summary

- In this paper, MPB compositions of PMN-PT with various substituents were studied for high-
power applications. Mn-doping was found to improve the properties of PMN-PT si ignificantly for
high-power application by reducing the total loss (including mechanical loss as well as the
dielectric loss), yet keeping the coupling factor constant. It appears that Mn substituents behave
as acceptors in PMN-PT ceramics, resulting in “harder” characteristics. The special effects of
Mn may be related to its multiple valance states, however this needs further investigations
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Piezoelectric Property Enhancement in Polycrystalline Lead Zirconate
Titanate by Changing Cutting Angle
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The effective piezoelectric strain constant dss and electromechanical coupling factor ky of polycrystalline

lead zirconate titanate (PZT) at different cutting angles have been measured by using the IEEE standard
resonance method. It was found that for tetragonal PZT 48/52, the effective dys and kg monotonously
decreases as the cutting angle canted from the poling direction increases. However, for rhombohedral PZT
54/46, the effective dy; has the maximum value along a direction which is canted about 45° away from the pol-
ing direction, while the effective electromechanical coupling factor is not sensitive to the cutting direction
and remains almost constant in the cutting angle range from 0 to 45°.
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Lead zirconate titanate (PZT) ceramics have been wide-
ly used in transducers and actuators due to the large
piezoelectric coefficients and high electromechanical coupl-
ing factors. In these applications, the ceramic is electrically
driven along a direction either parallel to the poling direc-
tion (0° cutting angle) to utilize the longitudinal extension
deformation or perpendicular to the poling direction (90°
cutting angle) to utilize the shear deformation. To the
author's knowledge, no systematic investigations have been
done to enhance the piezoelectric properties by choosing an
electrical driven direction which is canted between 0° and
90" away from the poling direction. This paper presents the
experimental results about such enhancement.

In the previous papers,P? we reported the phenomenolo-
gical calculations of the piezoelectric and dielectric con-
stants of hypothetical single crystals of PZT in different
crystal orientations. For a tetragonal PZT, the effective
piezoelectric constant dy; monotonously decreases as the
crystal cutting angle from the spontaneous polarization
direction [001] increases. However, for a rhombohedral
PZT, the effective piezoelectric constant dysronyy along the
perovskite [001] direction was found to be much larger
than those along the spontaneous polarization direction
[111]). A similar tendency can be expected for
polycrystalline samples, though the enhancement might be
less significant than single crystals.

Tetragonal PZT 48/52 and rhombohedral PZT 54/46
ceramic plates with sizes about 10 mm x 10 mm X1 mm
were poled along one of the large sides, as shown in Fig. 1.
Then, the plates were cut into small bars along the direc-
tions canted 0°, 15", 30", 45°, 60° and 75° away from the pol-
ing direction, respectively. The sizes of the samples are
listed in Table 1. For each cutting direction, a plate normal
+o the direction was also cut for permittivity measurement.
We used gold as the electrode material. The IEEE Stan-
dard resonance method® was used to measure the

longitudinal extensional piezoelectric constant dy and elec-
tromechanical coupling factor ky for each bar. Figure 2
shows the values of dy; with respect to the cutting angles
away from the poling direction. The values of ds; have been
normalized by dyyp, the dg along the poling direction.
Figure 3 shows the results for k. For tetragonal PZT.
48/52, both di; and k3 monotonously decrease as the cut-
ting angle increases. However, for rhombohedral PZT
54/46, dy, increases as the cutting angle increases from 0°
to 45°, leading 1.25 time enhancement at 45°; kg is not sen-
sitive to the cutting direction and remains almost constant
in this cutting angle range. Beyond this cutting angle range,
both dss and ks, decrease as the cutting angle increases. The
angle with maximum da; is little smaller than the calculated
angle 56°-59° for the hypothetical PZT crystals. Figure 4
shows the dielectric constants in different directions; for
both rhombohedral and tetragonal PZT, the dielectric con-
stants monotonously increase as the cutting angle in-
creases.

In conclusion, for tetragonal PZT 48/52, the effective

0° 159 30° 459
c
=
Q
60° =
=
&0
750 s
c.
Fig. 1. Illustration of sample cutting.

Table 1. Sizes of Samples (mm)
Angles 0° 15° 30° 45° 60° 75°
PZT 10.54x0.98 | 7.05x0.67 | 8.13x0.93 | 11.40%1.12 | 7.10x0.72 6.80x0.64
54/46 x1.04 x1.04 x1.04 x1.05 x1.05 x1.04
PZT 10.03x0.87 | 6.87x0.65 | 7.32x0.69 | 10.03x0.97 | 6.30x0.62 | 6.52x0.58
48/52 %0.98 x1.01 x1.01 x1.01 x1.00 x1.01
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Fig. 4. The dielectric constants with respect to cutting angles
from the poling direction.

piezoelectric constant dx and electromechanical coupling
factor k53 have the maximum values along the poling direc-
tion and decrease monotonously as the cutting angle from
the poling direction increases. However, for rhombohedral
PZT, dy has the maximum value at a cutting angle about
45° away from the poling direction. This shows us that the
enhancement of piezoelectric properties by changing the
cutting direction away from the polarization direction exists
not only in single crystals, but also in polycrystalline solids.
By choosing an appropriate cutting direction, the piezoelec-
tric properties can be improved.
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Engineered Domain Configuration in
Rhombohedral
PZN-PT Single Crystals and their Ferroelectric
Related Properties
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The domain configuration of rhombohedral PZN-3%PT single crystals has been observed as
a function of electric-field and crystallographic orientation using polarizing microscope.
Although a single domain state could be achieved by applying an E-field along the rhombo-
hedral polar direction [ 111], a multidomain state was observed with the removal of the
E-field. This domain instability was associated with large hysteresis of the strain vs. E-field
behavior. In contrast. an engineered domain configuration of [001] oriented rhombohedral
crystals was found to be stable with no domain mouon detectable under DC-bias. resulting in
hysteresis minimized strain vs. E-field behavior. The stable engineered domain configuration
under bias in multidomain [001] oriented crystals was suggested as an evidence of macro-
scopic symmetry 4mm out of 3m rhombohedral crystals.

Kexwords: PZN-PT: single crystal; domain: hysteresis: macroscopic symmetry

INTRODUCTION

In compositional engineering of conventional PZT ceramics, enhanced
piezoelectric activity is achieved by adjusting Tc downward, resulting in
"soft” PZT's (d,; > S00 pC/N) with low coercivity (Ec ~5 kV/cm). These
soft PZT's are accompanied by large hysteresis in their strain vs. E-field
behavior due to domain wall motion under bias, limiting applications to low
frequencies. “"Hard" PZTs with minimized strain vs. E-field hysteresis
behavior are a consequence of acceptor dopants, constraining domain wall
mobility. This non-hysteretic strain vs. E-field behavior, however, comes
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with the expense of decreased piezoelectric activity (dy; ~ 200 pC/N).
Hysteresis free strain vs. E-field behavior is also expected from single
domain ferroelectric crystals. Ferroelectric single crystals such as LiNbO,,
however, have not been intensively investigated for actuators because of their
inherently inferior piezoelectric activity (d, < 50 pC/N).

Recently, ultrahigh piezoelectric properties (d,, ~ 2500 pC/N) and large
strain (1.7 %) were achieved from [001} oriented rhombohedral crystals of
relaxor based ferroelectric Pb(A,,Nb.,)O, (A = Zn™, Mg™) and its solid
solution with the normal ferroelectric PbTiO, (PT)."~ Fig. 1 presents the
typical strain vs. E-field behavior observed in rhombohedral PZN-8%PT
crystals. As {001] is not the polar direction. [001] poled crystals must be
comprised of a multidomain state. Furthermore. these crystals are "softer”
(Ec ~ 3 kV/cm) than soft PZT's (Ec > 5 kV/cm). However, strain values as
high as 0.4 % were realized with minimized hysteresis. suggesting little
domain motion under bias, a phenomenon not expected for multidomain
"soft" ferroelectric crystals. In contrast. crystals oriented along {111}, the
polar direction of rhombohedral crystals, exhibited inferior properties such as
ds; ~ 82 pC/N. The E-field induced strain was also accompanied by large
hysteresis.

In this study, the domain configuration of rhombohedral PZN-8%PT
crystals was observed as a function of E-field and crystallographic orientation
using a polarizing microscope. The behavior of domain wall motion will be
discussed in relation to the observed hysteretic strain vs. E-field behavior.

(a) PZN-8%PT [111} (b) PZN-8%PT [001]
0.4 ——— oty 0.4 —————rr
2500 pC/N
o3l 4 R
S ®
= ]
z E '
& @ _
] 5 0 15 20 s %o 5 10 5 % 25
Electric field (kV/cm) Electric field (kV/ecm)

FIGURE | Strain vs. E-field behavior for PZN-8%PT crystals oriented
along [111] and [001].




ENGINEERING DOMAIN CONFIGURATION OF PZN-PT

Moreover, the change of macroscopic symmetry induced by the engineered
domain configuration will also be discussed.

EXPERIMENTAL

PZN-8%PT single crystals were grown by a flux method. Further details on
the crystal growth were reported elsewhere.™ Flux grown crystals were
oriented along [111] or [001} direction using a back reflection Laue camera.
Crystals were heat-treated at 250 °C for 16 hr in air prior to domain
observation, to remove residual stress that might result in the formation of
ferroelastic domains. For in-situ domain observation under DC-bias, the
sample surface was mirror-polished with the sample thickness approximately
200-300 um along the transmittance direction of polarized light. Gold
electrodes were sputtered on both sides parallel to the polarized light.
Sample width between sputtered Au electrodes was approximately S00-600
pum. Thin samples (~50 um) with mirror-finished (111) or (001) surfaces
were also prepared to observe detailed domain configurations more clearly
before and after E-field exposure for crystallographic interpretation. The
domain configuration was observed under crossed-nicols using a Polarizing
microscope (Carl Zeiss, D-7082). The application of an E-field was along
the [001] or {111] direction, being normal to the polarized light, using a Trek
610A HV Ampilifier.

RESULTS AND DISCUSSION

Domain configuration - Zero-bias state before and after E-field exposure
PZN-8%PT is compositionally located near the morphotropic phase boundary
(~ 9 mol%PT) between rhombohedral phase (R3m) and tetragonal phase
(P4mm) at room temperature."! PZN-8%PT undergoes two phase transitions
as a function of temperature, i.e., (1) rhombohedral <-> tetragonal phase
transition around 90 °C (PTy,), and (2) tetragonal <-> cubic (Pm3m) phase
transition around 170 °C (PTy). Thus, the domain configuration observed at
25 °C before E-field exposure contains domain walls originating from PT;.
and PT;;. Figs. 2(a) and 3(a) show domain configurations of [111] and [001]
oriented PZN-8%PT crystals before E-field exposure, respectively. Although
ferroelectric domain-like pattern was obvious, crystallographic interpretation
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FIGURE 2 Domain conﬁguratxon of {111] oriented PZN- 8%PT crystals

o [001]
P + E-field (o]
A

before and after polmg

(b Aﬂer E-fi eld exposure
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was difficult due to vague domain boundaries.

Figs. 2(b) and 3(b) present the domain configurations of {111] and [001]
oriented PZN-8%PT crystals after E-field (~ 20 kV/cm) exposure,
respectively. In contrast to Figs. 2(a) and 3(a), E-field induced domain
configuration was observed. The [111] oriented PZN-8%PT crystals (Fig.
2(b)) consisted of three kinds of the band-shaped domains with equivalent
polar vectors ([111], {111] and [1 1T]) in the domain with polar direction of
[111]. Therefore, all domain boundaries could be interpreted as 71° domain
walls of {110} planes between [111] domain and three domains with polar
directions ([111), {111} and [111]) and 109° domain walls of {100} planes
between three domains with polar directions ([111], [111] and [11I]),
consistent with crystallographic domain wall relationships.*” As shown in
Fig. 3(b), fiber-like domains with sharp edges on both ends were observed for
[001] oriented PZN-8%PT crystals. Although crystallographic interpretation
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{001]
(1 {111}

(111}

FIGURE 4. Schematic domain configuration of [001] oriented PZN-8%PT
crystal.

was limited by the depth of focus of optical microscopy, each domain must
have one of four possible polar vectors, [111], [111], [111] and [111] in
[001] poled PZN-8%PT crystals. This configuration is schematically
presented in Fig. 4. Thus, all domain boundaries could be interpreted as 71°
domain walls of {110} planes and 109° domain walls of {100} planes.
Similar domain configuration was also reported for pure rhombohedral
PZN.[8-9]

In.situ_domai ervati

For [111] oriented PZN-8%PT crystals, the domain configuration at 25 °C
before an applied E-field is presented in Fig. S(a). Figs. 5(b) and 5(c)
exemplify the domain configuration at 25 °‘C as a function of E-field,
increased incrementally to 13 kV/cm. The result shown in Fig. 5 was
obtained at the second measurement in the repeated cycles (1 cycle: 0 kV/em -
> 13kV/em -> 0kV/cm). The domain wall density in the crystals was found
to decrease with increased E-field, implying increased domain size with
domain reorientation. At approximately 13 kV/cm, the PZN-8%PT crystals
became nearly single domain (Fig. 5(d)), with some domain walls observed
near the electrode due to crystal-electrode interfacial stresses. However, upon
removal of the E-field, a multidomain state was observed as presented in
Figs. 5(e) and 5(f). Domain reorientation was found to occur at 4.5 kV/em
(Fig. 5(e)), starting near the electrode. The initial multidomain state of Fig.
5(b) was completely recovered as shown in Fig. 5(f). It should be noted,
however. that the domain configuration exhibited hysteresis. The domain
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wall density was observed to be reduced for an equivalent E-field upon
removing the E-field, the origin of hysteresis in strain vs. E-field curve
shown in Fig. 1(a).

In contrast to the domain instability observed with [111] oriented PZN-
8%PT crystals, [001] oriented crystals exhibited stable domain configurations
as shown in Fig. 6. The result shown in Fig. 6 was obtained at the second
measurement in the repeated cycles (1 cycle: 0 kV cm -> 15 kV/em -> 0

Au spu cring film

P:\ J

TURRINTL

ME=0KV

After E-field Expd

(o1 4.5 hV/emssk - I

FIGURE 5 Domain configuration of [111] oriented PZN-8%PT crystal
under DC-bias.

\
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kV/cm). At the first cycle measurement, when verv weak E-field below 0.2
kV/cm was applied along [001] direction of virgin crystal (Fig. 6(2)), the
same domain configuration as shown in Fig. 6(b) was formed immediately.
Moreover, this domain configuration did not change, although applied E-
field increased under 15 kV/cm. Therefore, domain configuration did not
change under DC-bias, being further evidenced by hysteresis minimized
strain vs. E-field behavior in Fig. 1(b). However. if the E-field over 20

() 15 kV/em

(M E=0kV/cm
After E-field Exposure te) 5kV/em

(©) 5 kV/em- D E=0KkV/cnr el

FIGURE ¢ Domain configuration of [001] oriented PZN-8%PT crystal
under DC-bias.
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kV/cm was applied along [001] direction, the E-field induced phase transition
from rhombohedral to tetragonal phase was observed and confirmed by both
Polarization and strain vs. E-field curve and in-situ domain observation.

in_engj i d macroscopic sy tr

Based on the domain observations presented in previous sections, the ability
to engineer a macroscopic symmetry different from the local symmetry (lattice
symmetry) is suggested, as can be found for the case of poled piezoelectric
ceramics, i.e., the macroscopic symmetry being m regardless of the lattice
symmetry resulting from randomly orientated grains. For ferroelectric single
crystals, only single domain crystals possess macroscopic symmetry identical
to the lattice symmetry. For example, unpoled tetragonal ferroelectric crystals
are macroscopically m3m, if the number of each domain is equivalently
distributed. As shown in Fig. 4, each domain in [001] poled crystals must
have four possible polarization directions, (111}, {111], {1T1] and [T T1].
For [001] oriented crystals to exhibit a static domain configuration under DC-
bias, each domain must be distributed equivalently. As a result, each domain
experiences the same driving force for reorientation with respect to an applied
E-field, otherwise domain reorientation under DC-bias would occur resulting
in hysteresis in strain vs. E-field behavior. Therefore, the coexistence of
domains with four equivalent polar vectors results in a 4-fold axis along
(001}, consequently resulting in the macroscopic symmetry 4mm arising from
the local 3m symmetry.

SUMMARY

Domain configuration and ferroelectric related properties of rhombohedral
PZN-8%PT crystals were investigated as a function of E-field and
crystallographic orientation. In-situ domain observations revealed the domain
instability for [111] oriented rhombohedral crystals, corresponding to large
hysteresis of the strain vs. E-field behavior. In contrast, an engineered
domain configuration of {001] oriented rhombohedral crystals was found to
be stable. Domain motion was undetectable under DC-bias, resulting in
hysteresis minimized strain vs. E-field behavior. Crystallographically, the
macroscopic tetragonal symmetry (4mm) arising from local rthombohedral 3m
symmetry resulting from the four equivalent domain state was suggested.
Further detailed studies such as TEM observations are required to understand
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the engineered domain observed in [001] poled PZN-8%PT crystals.
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Electric field dependence of piezoelectric properties for rhombohedral
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The electric field dependence of the piezoelectric properties of rhombohedral
0.955Pb(Zn,3Nb,;3)05-0.045PbTiO; crystals were investigated as a function of orientation with
respect to the prototypic (cubic) axes. For (111) oriented fields, depolarization and subsequent
domain reorientation resulted in an apparent maximum in the piezoelectric coefficients occurring at
~5 kV/cm, followed by nonhysteretic d;; saturation, indicating a single domain state under bias. By
extrapolation. single domain values for the piezoelectric coefficients ds; and d5; were determined to
be 125 and —35 pC/N, respectively. The hydrostatic piezoelectric coefficient d), for single domain
crystals was calculated to be ~55 pC/N, coincident with the experimentally determined values
under hydrostatic pressure. For (001) oriented fields. piezoelectric coefficients d33gp) and d310001)
as high as 2250 and —1000 pC/N were determined, respectively. Although a high value of dx(o01)
(~250 pC/N) was expected, the experimentally determined value was only ~50 pC/N. A change of
polar vector within the crystal lattice was discussed in relation to the volume strain associated with
an E-field induced phase transition and the possible origin of the discrepancy in hydrostatic d,,

values. © 1999 American Institute of Physics. [S0021-8979(99)05705-9]

. INTRODUCTION

High levels of piezoelectric activity have been reported
for single crystals in the rhombohedral ferroelectric
Pb(Zn, sNb-/)O5(PZN):PbTiO5(PT) solid solution
system.'™ It must be remembered that even in ferroelectric
single crystals, the pizeoelectric response depends criticaily
on its domain structure, and it is only in the single domain
state, or in a carefully engineered domain state, that the prop-
erties are reproducible and age free.

In earlier studies of rhombohedral PZN-PT crystals
poled along their polar axis. pseudocubic (111), Park® and
Wada® presented evidence that a single domain state was not
stable. indicating that previous reported piezoelectric coeffi-
cients were probably determined on partially depolarized
samples. However. a stable domain state and correspond-
ingly high level of piezoelectric activity could be achieved in
nonpolar (001) oriented crystals: for such crystals, a single
domain state cannot be achieved.

In this article, the piezoelectric behavior as a function of
field direction was investigated for rhombohedral PZN—-PT,
specifically, PZN-4.5%PT crystals. located at the center of
the rhombohedral compositional range (0%—-9% PT). Longi-
tudinal. transverse, and hydrostatic piezoelectricity were
investigated as a function of crystallographic direction and
related domain configuration. Piezoelectric~domain interre-
lationships were established in order to obtain single domain
properties for (111) oriented crystals and to elucidate the
induced phase transition behavior associated with these ma-
terials.

*Electronic mail: sxl43@psu.edu

0021-8979/99/85(5)/2810/5/$15.00
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Il. EXPERIMENT
A. Crystal growth

Crystals of (1 —x)PZN-xPT were grown using the high
temperature flux technique. High purity (>99.9%) powders
of Pb;0,, ZnO, Nb,0s, and TiO, (Aldrich, WI) were used.
Excess PbsO, was added as flux. The powders were dry
mixed using a tumbling mill. The mixed powders were
loaded into a platinum crucible, which was placed in an alu-
mina crucible sealed with an alumina lid and alumina cement
to minimize PbO volatilization. The alumina crucible was
placed in a tube furnace and held at soak temperature (1100—
1200 °C), followed by slow cooling to 900°C at a rate of
1-5 °C/h. The crucible was then furnace cooled to room
temperature. Hot HNO; was used to separate the crystals
from the melt. Typically, crystal sizes were 8—20 mm. Crys-
tal samples, oriented along the (001) and (111) directions
using a Laue Camera, were prepared by polishing with sili-
con carbide and alumina polishing powders to achieve flat
and parallel surfaces onto which good electrodes were depos-
ited by sputtering.

B. Electrical characterization

Dielectric and piezoelectric properties were measured
using direct observations of strain as a function of electric
field and low-field properties using the IEEE resonance
technique.® The hydrostatic piezoelectric coefficient d, was
obtained by measuring the charge response under hydrostatic
pressure. High-field measurements included polarization and
strain hysteresis incorporated a modified Sawyer—Tower cir-
cuit and a linear variable displacement transducer (LVDT)
driven by a lock-in amplifier (Stanford Research system,
model SR830). Plate-shaped samples with thicknesses rang-

© 1999 American Institute of Physics
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TABLE [ Dielectric and piezoelectric rhombohedral properties of PZN-4.5%PT crystal as a function of

crystallographic orientation.

Crystal dy dy; d, SE A Dielectric
orientation ks ky  (pCN) (pCN) (C/N) (1072 m¥N) (10"? m¥/N) constant  Loss
ain 041 017 92 -47 55 13.6 8.32 640  0.002
(001) 092 057 2280 —1015 SO 7.7 120.1 5000  0.003

ing from 0.2 to 0.5 mm were employed for measurements.
Electric fields as high as ~80 kV/cm were applied using an
amplified triangle or unipolar wave form at 0.2 Hz, from a
Trek 609c-6 high voltage dc amplifier. During testing the
samples were submerged in Fluorinert (FC-40, 3 m, St. Paul,
MN). an insulating liquid, to prevent arcing.

ill. RESULTS AND D!SCUSSION
A. Low field measurements

Table I presents dielectric and piezoelectric properties of
PZN—4.5%PT crystals as a function of crystallographic ori-
entation. measured using the IEEE standard method.® As re-
ported by Park er al.? PZN-4.5%PT crystals oriented along
(001) exhibited electromechanical coupling (K33(001)) and
longitudinal piezoelectric coefficients (d33(001)) as high as
92% and 2280 pC/N, respectively. A transverse piezoelectric
(dayc001y) value of ~1020 pC/N was also determined, as pre-
sented in Table L. Crystals oriented along their polar direc-
tion (111), however, exhibited values of k33~41% and d33
~92 pC/N. significantly inferior to those oriented along
(001), also reported by Kuwata et al!? and Park er al.’

For single domain rhombohedral crystals of symmetry
3m. the hydrostatic piezoelectric coefficient dj, can be writ-
ten as d3;+2ds;, as in the case of polycrystalline piezoelec-
tric ceramics. From Table I, the piezoelectric coefficient dj,
for (111) oriented crystals results in an abnormatlly low and
negative vaiue of —2 pC/N. Using axis transformation for
(001) oriented rhombohedral crystals, the equation djoo1)
= 1/y3(ds3+2d3;) is not applicable since a single domain
state does not exist. Wada et al.’ proposed that (001) polar-
ized rhombohedral PZN-PT crystals possess a tetragonal
macro symmetry (4mm) with the fourfold axis along the
poling direction, a consequence of an engineered domain
state. Therefore, taking (001) as the new symmetric axis,
dp001y can be calculated using the relation dj001)= d33(001)
+2d 31001 Tesulting in dyop1y~250 pC/N. However, as
presented in Table I, d, values directly measured were only
55 pC/N ((111)) and 50 pC/N {(001)). In Sec. IIIB, this
discrepancy is discussed in relation to domain configuration

and domain (in)stability.

B. Strain versus E-field behavior for ((111}) oriented
PZN-4.5%PT crystais

As the pseudocubic (111) is the polar direction for thom-
bohedral ferroelectric crystals, this is also the direction in
which an electric field must be applied to obtain a single
domain state. Figure 1 shows longitudinal/transverse strain
versus unipolar E-field behavior for a (111) poled crystal. As
presented, hysteresis in the strain versus E-field curves at low

fields is the result of domain instability and subsequent do-
main reorientation under bias.’ Nearly linear and hysteresis
free behavior at fields greater than 30 kV/cm indicates a
single domain state. Wada ez al’ also observed single do-
main behavior of (111) oriented PZN-PT rhombohedral
crystals at E fields >30 kV/cm. This domain instability and
subsequent difficulty in obtaining single domain crystals may
be related to residual elastic strain upon poling.” As for the
case of BaTiO; crystals, single domain PZN-PT crystals
may require a specific elastic treatment during the poling
process. The d;;s of (111) oriented crystals given in Table I,
therefore. are coefficients measured from partially depoled
crystals, and not single domain crystals. Fundamentally, this
inherent domain instability is believed to be the origin of the
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FIG. 1. Strain vs unipolar E-field behavior for (111) poled crystais: (a)
longitudinal strain, (b) transverse strain.




2812 J. Appl. Phys., Vol. 85, No. 5, 1 March 1999
2000 LML LA LR S M S LA { T TP
[ (a) ]
1500 | ]
z [ ]
U - .
= 1000 f ]
R : :
s0 H ]
o P | | NS s | 1
0 10 D DV 0 H O M o
E (kV/cm)
w LI L ¥ — > T L ]
o f ()
o F
z F ]
g P ]
‘Q‘.‘ 1
® a
o T
m . i L 1 3§ . -4
0 0 P D 0 2 &0
E (kV/cm)

FIG. 2. Piezoelectric coefficients (dy; and d+,) obtained from the slope of
strain vs E-field curves in Fig. 1(a) di;; (b) dy;.

calculated negative hydrostatic d, coefficients, since depo-
larization results in the longitudinal (transverse) piezoelectric
coefficient to decrease (increase).

Figure 2 presents longitudinal and transverse piezoelec-
tric coefficients (d33 and d3,) obtained from the slope of the
strain versus E-field curves in Fig. 1. The maxima in d;;s at
5 kV/cm are believed to be the result of domain reorientation
under bias. Since the strain versus £-field curve in Fig. 1 was
hysteresis free at E>30 kV/cm. d;;s at E>30 kV/cm in Fig.
2 correspond to single domain values. The piezoelectric co-
efficients of single domain crystals at low fieids, therefore,
may be extrapolated as indicated by the dashed line. result-
ing in d and d3; values of 125 and —35 pC/N, respectively,
being significantly different than the low field values given
in Table L. It is also important to note that these values result
in a d,~55 pC/N, coinciding well with the experimentally
determined d, value.

C. Strain versus E-field behavior for ({(001)) oriented
crystais

Polarization hysteresis behavior and subsequent strain
versus E-field (bipolar) curves of (001) oriented PZN-
4.5%PT crystals are shown in Fig. 3. Remanent polarization
(P,) values of ~25 uC/cm” for (001) oriented crystals are
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m. rg,,,,.,r.,rsr, T T T p
E (a)!
2 .()§ ; ]
"8 @ F : :
23 o H . :
~ L : 3
QO 10 F e B
=2 3 . :
3 10 f : 3
8 2 5 3
5 2 f ; :
= F : ]
& 30 F f 3
F : 3

-, ] Pl i i l 1

Strain (%)

0.1
20 -5 10 -5 0 5 10 15 2
E (kV/cm)
0.02 prrrrrrerr TTTTTTTTTTer T
F (¢) S i/, ]
O vigd
: :l \c_ b

0% F AR 1

Strain (%)

-5 0 5 10 15 20
E (kV/cm)

FIG. 3. Polarization and strain vs E-field (bipolar) curves for (001) oriented
PZN—-4.5%PT crystals: (a) polarization: (b) longitudinal strain; (c) trans-
verse strain.

reported corresponding to 1/y/3 P11y - The abrupt change in
polarization at E . is a characteristic of domain switching, as
found in general for all ferroelectrics, i.e., (001) nonpolar
orientation. However, a consequence of the engineered do-
main state is the hysteresis minimized longitudinal/
transverse strain behavior (unipolar) above E shown in Fig.
4. The longitudinal and transverse piezoelectric coefficients
d33; and dj; calculated by the slope of the strain versus
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FIG. 4. Strain vs unipolar E-field behavior for (001) crystais: (a) longitudi-
nal strain: (b) transverse strain.

E-field curve were ~2100 and —850 pC/N, respectively,
slightly lower than that measured by the IEEE resonance
technique. In regard to hydrostatic dj, using the d33(001) and

d3 00y values from Fig. 4 resulted in a calculated dj 001y Of

~400 pC/N. still significantly larger than that experimentally
determined. Unlike (111) oriented crystals, this inconsis-
tency could not be explained by domain instability because
the engineered domain configuration was stable with no or
minimal domain motion under bias. It seems that the change
in domain wall configuration under bias may be the under-
lying cause of this discrepancy. Further investigation of the
domain wall state as a function of the E field is required.

D. Efield induced phase transition

High field strain versus E-field behavior for (001) ori-
ented crystals is presented in Fig. 5. As suggested by Park’
and supported using in situ domain observations,® the high-
field phase induced at E fields >~36 kV/cm is believed to
be a tetragonal phase. The volumetric strain associated with
the induced phase transition is presented in Fig. 6. Although
a volume expansion of ~0.3% was associated with the in-
duced phase transition. a decrease in volume was detected
starting at 20 kV/cm. The volumetric strain may be written

as follows:
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FIG. 5. High field strain vs unipolar E-field behavior for {001) crystals.

dVIVy=Q,(P:—P}), 1

where Vj is the initial volume of the crystal, @ is the hy-
drostatic electrostrictive coefficient (=01, +2Q12), P is
the magnitude of zero-field spontaneous lattice polarization,
and P is the magnitude of total lattice polarization under dc
bias. Since @ is a material constant,’ the volumetric strain
is. therefore, dependent only upon the polarization change by
the lattice response under bias or phase switching. It should
be noted that P, and P are not the apparent polarization,
but the magnitude of the polar vector in the crystal lattice.
For example, the apparent spontaneous polarization is a
function of crystallographic direction (43 u and 25 ,u.C/cm2
for (111) and (001) oriented crystals, respectively), but P, is
43 uC/cm?, independent of the orientation. In Eq. (1), Pgis
equal to Py (=P(yyy)) under zero bias and to P go1y only if
the entire crystal is occupied by the induced phase. The vol-
ume decrease, as shown in Fig. 6. indicates that the magni-
tude of the polar vector in the crystal lattice decreases during
the induced phase transition. This is schematized in Fig. 7,
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FIG. 6. Volume strain vs unipolar E-field behavior for {001) crystals.
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Py <Pg<Pg,
on switching to Pe=P 401>
Initial state of high field phase Induced Phase
poled crystal PePL (Pg<p_on switching back) FIG. 7. Schematic of changes in polar
P =Piit1> , ' . vectors and unit cell volume for (001)
’ , S5 |Jg oriented rhombohedral crystals under
+ ‘ ITE N A bias. Note that polar vectors are no
“w f / ; -— P longer along the body-diagonal direc-
iy < | ,'[’,"5“ .. tion of pseudocubic unit cell, under
Y ] R R bias. for the engineered domain state
SR D (b) and (c).
P \
(a) ) © (@

adding an intermediate stage between Figs. 7(b) and 7(d).?
The magnitude of the polar ionic shift in the crystal lattice
may have to be reduced with the change of its shift direction,
i.e.. from (111) to (001), implying the crystal symmetry be-
comes closer to its prototype symmetry m3m during the in-
duced phase transition. It is noted that the volumetric strain
becomes negative on switching back to the low field phase,
indicating that Pz becomes smaller than P; . As the induced
phase transition gradually occurs with nucleation and growth
proce:sses,3 volumetric strain can be positive or negative de-
pending on the nucleation and/or growth speed with respect
to the E-field change rate. It is noted that under high electric
field. the polar vectors no longer lie in the body-diagonal
direction of the pseudocubic unit cell within the engineered
domain state. as shown in Figs. 7(b) and 7(c). Further dis-
cussion associated with the changes in polarization values
for domain engineered crystals will be reported elsewhere.'°

IV. CONCLUSION

The ferroelectric related properties of rhombohedral
PZN-4.5%PT crystals were investigated as a function of
crystallographic direction and subsequent domain configura-
tion. For crystals oriented along the polar (111) direction,
inconsistency among low field piezoelectric properties was
believed to be the result of domain instability and subsequent
partial depolarization. At high fields >30 kV/cm, strain ver-
sus E-field curves were hysteresis free and single domain
rhombohedral crystals could be ascertained. Piezoelectric co-
efficients d13~ 125 pC/N. d3;~—35 pC/N. and 4,,~ 55 pC/N
for single domain crystals were determined by extrapolating
high field d,; values. In contrast. low field strain versus
E-field curves were hysteresis minimized as a result of the
stable engineered domain state for (001)oriented PZN-PT
rhombohedral crystals. Although d} oy values of >200

pC/N were expected from measured piezoelectric coeffi-
cients (d33~2280 pC/N and d3,~ — 1020 pC/N), the experi-
mentally determined 4, value was only ~50 pC/N. Further
investigation of the engineered domain state(s) and domain
wall modulation under bias is required to answer the origin
of this inconsistency. High field strain versus E-field behav-
ior was characterized by an induced phase transition
rhombo—tetragonal, resulting in volume strain as high as
0.35%. Volume strain versus E-field curves indicated that the
magnitude of polarization in the crystal lattice decreases
transiently in order for the direction of ionic shift to change
from (111) to four-fold symmetric (001) axis.
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Without external fields, ferroelectric materials will have multidomain configuration in the
ferroelectric state. Detailed analysis found that twinning may not be treated as random since the
number of orientations for the domain walls are limited in a given symmetry change during a
ferroelectric phase transition. In each finite region of a large crystal or in small crystallites, a
particular set of twins is favored under certain boundary conditions, which consists of only two of
the Jow temperature variants. Statistic models of random distribution of domains do not apply for
calculating the physical properties of such twin structures. However, one could derive the two
domain twin properties by using the constitutive equations and appropriate mechanical boundary
considerations. This paper presents a theoretical analysis on such a two-domain twin system,
including its global symmetry and effective material properties resulting from different twinning
configurations. Numerical results are derived for LiNbO; and BaTiO;. © 1999 American Institute

15 JULY 1999

of Physics. [S0021-8979(99)01214-1]}

I. INTRODUCTION

The macroscopic material properties of a multidomain
ferroelectric system are the collective average of individual
domains. Traditionally, people took statistic average of the
properties of all the low temperature variants and used the
volume ratio as the weighting factor. However, in reality,
different physical properties may follow different averaging
rules depending on the geometric configuration. For many
properties the contribution of each domain do not always
coincide with their volume ratio. For example, the elastic
constant of a fiber reinforced composite is much larger in the
fiber length direction than in its radial direction, although the
volume ratio can be the same. Similarly, in a multidomain
system the contribution of each domain not only depends on
the volume ratio but also on the relative geometric configu-
ration and on the orientation of the applied external fields.
Experimental evidence showed that the domains often appear
in a twin band with only two variants in the set."? Even for
a ceramic system, domains observed in each given grain are
mostly twin pair sets rather than all the available variants.
Such a limited variant twinning pattern is more pronounced
in a single crystal system since all orientations must be co-
herently joined together. Each twin band often occupies a
sizable volume in a large single crystal. Generally speaking,
two-variant twinning is the basis of all multidomain systems
in ferroelectrics.

Recent development in domain engineering of relaxor
based single crystal systems (e.g., for single crystals PZN-
PT, PMN-PT) produced much enhanced piezoelectric and
dielectric properties.3 Experimental observation showed that
many engineered crystal systems have only two variants.*
Even those nonpoled samples are composed of large regions
of two-variant twin band structures. Experimental observa-
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tion of these relaxor based single crystals revealed that the
twinning mostly consists of two variant twins>® (for PZN
and for BaTiOj3). It is also found that the orientation of the
two-domain system and the selection of the variants can sig-
nificantly influence the effective material properties of mul-
tidomain systems. This means that the statistical model or
models, based only on the volume ratio, will not give proper
prediction of the physical properties in these domain engi-
neered crystals. Roughly speaking, the volume ratio average
scheme assumed isotropic distribution of domain walls and
ignored the cross coupling between different quantities of the
associated domains.

If we utilize the fact that the basic domain structure only
consists of two variants and they have a certain orientation
relation in domain engineered crystal systems, it is possible
to accurately derive the apparent macroscopic property by
directly applying external loads to the system. Such a two-
variant domain set can then serve as the building block for
calculating properties of systems with more complex domain
patterns.

The importance of calculating the effective properties of
two domains lies in the fact that the macroscopic properties
observed experimentally, whether from an ultrasonic method
or from a resonance technique, are actually a collective con-
tribution of the existing domains, not all possible domains. In
a given domain engineered single crystal, only some of the
low temperature variants can appear.

Because of the importance of predicting the effective
material properties, there is vast literature on property aver-
aging of multicomponent systems. For example, the equiva-
lent elastic constants were previously calculated for two
layer elastic system’ by using the volume ratio as the weight-
ing factor for both the stress and strain. This approach allows
the calculation of elastic properties in two layer system for
materials of any symmetry and any orientation between the
two layers. This method was later extended to piezoelectric
materials.® The dynamic approach for calculating the effec-

© 1999 American Institute of Physics




1074 J. Appl. Phys., Vol. 86, No. 2, 15 July 1999

AN
Z

Dw

< ¢

Domain (1) Domain (2)

FIG. 1. The two domain system with coordinate systems chosen with the y
axis perpendicular to the domain wall (DW).

tive material properties of piezoelectric layered material of
arbitrary orientation’ was based on the nature of acoustic
wave propagation in layered material in the long-wavelength
limit. It allowed explicit calculation of a complete set of all
material properties. Another method for effective material
property calculations is the method of effective medium
which was applied to calculate the properties of polycrystal-
line ceramics'®1? and piezoelectric composites.'>* The me-
chanical stress and electric field were assumed uniform in the
matrix and in the inclusion (grains). The average was calcu-
lated under a number of assumptions about the space distri-
bution and the shape of inclusions (spherical and elliptical
shape). Effective material properties for 1-3 composites
were calculated for 6mm symmetry as a function of volume
fraction.!®> While all of these techniques have advantages and
disadvantages in certain aspects, they have provided guid-
ance for many particular applications and for the proper
characterization of multicomponent systems of interest to a
certain accuracy.

However, it is not appropriate to use the volume ratio
average if there are only a limited number of domains in a
system. In this paper we will try to eliminate some of those
less convincing assumptions used in previous averaging
methods and to develop a systematic procedure particularly
applicable to a two-domain twin system. We will use differ-
ent weighting factors for different physical properties based
on the relative orientation to the external stress and electric
field. Some quantities in each domain can be the same as in
the combined twin system rather than all quantities being the
weighted average. We will also give the macroscopic sym-
metry associated with twinning of different pairs of the low
temperature variants resulting from cubic to rhombohedral
and cubic to tetragonal ferroelectric phase transitions.

Il. AVERAGING OF TENSOR PROPERTIES IN A TWIN
CRYSTAL

For the twinned structure under study, we assume that
the two variants have a volume ratio of ! and v® and the
domain wall (DW) is perpendicular to the y axis. Consider-
ing the unit cell of a twin structure as shown in Fig. 1, we
can apply static stress and electric field to the system and use
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the response to derive the effective average property of this
twin crystal. For generality, we allow the crystallographic
symmetry of both materials to be arbitrary, however the ma-
terial properties of both domains must be expressed in the
same coordinate system before performing the average. For a
ferroelectric system, the material properties are represented
by the elastic compliance tensor s\, piezoelectric constant
tensor A and dielectric constant tensor €, which satisfy
the constitutive relations

7P g giT\ (D
(D("))=(d(‘) e(f))(E(i)) (i=1,2), (1)

where the superscripts (1) and (2) represent the quantity for
domain 1 and domain 2, respectively. 7' and D are the
elastic strain tensor and the electric displacement vector, T¢”
and E are the stress and electric field, respectively. The
two domains can be of different thickness, which is repre-
sented by volume ratios v and v® with vM+0p@=1,
Components of elastic strain 7 are assumed to be symmetric,
while the components of elastic stress do not have this sym-
metry due to the cross domain coupling. The simplified no-
tation is related to the true tensor notation in the following
form: : :

Ty i=j

T\= ,J=123; A=1,...,6).
Sy #j] (1j=123; A=L...6). @

Since the material properties’ are similar in magnitude for the
two domains, unlike the case of polymer—ceramic
composite,”"16 it is reasonable to assume that the mechanical
stress, strain, electric field and electric displacement in both
domains are homogeneous in the equilibrium state. At equi-
librium, the effective stress and strain of the twin system is
symmeétric and the two domains are required to form a co-
herent nonseparating boundary (DW) under external applied
stresses. For convenience, we will use the shortened notation
forl 7all the tensor components of material properties defined
by

Sijkl i=j,k=l
2sijkl i?’:],k-_-l
= .’., ,=17’;
ST 2 i=jk#l (0.4 1= 123
4Sijkl lﬁéj,k#l

\v=1,....6), (3a)

dijn j=k

di”':{Zdijk j#:k} . (j,k=l,2,3;,ll«=l,...,6). (3b)

The constitutive relations for each of the domains are

o =dED+ TR @

DM=ePEM+dPTY  (i,j.k1=123;n=12), (4b)




J. Appl. Phys., Vol. 86, No. 2, 15 July 1999

where Tf;’) and Eﬁ") are the components of the elastic stress
tensor and electric field vector, respectively.
Volume ratio averaging conditions can be expressed as®

ﬂ,ejf:' v(l) 771(})+U(2) ﬂgz) , (5&)
Tef=y TN 4y @7 (1,j=123), (5b)

These relations cannot hold true simultaneously for both the
strain and stress as one can see from the twin structure in
Fig. 1. We need to redefine the conditions for such a system
for which the orientation and configuration are known. Me-
chanical equilibrium and nonseparable boundary conditions,
i.e.,, the continuity of the three components of stress:

D789 and TY), six components of strain:
70,753,758 .7, 7% and 7{y, two components of electric
field, E(,i) and E‘; ). and the electric displacement DS,
(i=1,2), lead directly to the following conditions across the
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70 =7%, (6f)
Dy)=DP, (62)
TR =T, (6h)
TR =T, (6i)
T=T§, (6))
EM=EQD, (6k)
E{P=EP. (61)

These conditions provided different averaging rules for some
components of elastic stress, strain, electric field and electric
displacement.

Equations (6a)—(61) give the relations between the elas-
tic stress and electric field in domain 2 and domain 1. For a
prescribed stress or electric field to the twinned system, one
can first represent the stress and field in domains 1 and 2
using the global quantities. Then, these tensor components
can be substituted into Egs. (5a)—(5b) to find the effective
material properties. The linear system of equations, Egs.
(6a)—(61) can be solved in matrix form

domain wall:
H_ .2
7=n, (62)
H_ .
7% =15, (6b)
H_ @
75y =13, (6¢)
H_ . @
75 =783, (6d)
D_ .2
ﬂgl)‘ 77g1) ) (6e)
J
0 2 e
0 1 0 0 0 0 0 0 0
s sy S8 o8 S8 s s SR 4B
0 0 0 1 0 0 0 0 0
IR R R R R
N e R R
9 R D G Y D Y a
0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 1
o A a ) A
0 0 0 0 0 0 0 0 0
and transposed vector 7¢) is given by
0T (140,10 T4 0 4R KT TED,
1704750 EP £ ). o

To find out the effective material properties of the two-
domain system, we can use matrix calculations. In the ex-

amples, however, we will solve them in steps for conve-
nience.

PV AD =D D), (7)
where
dy) df}
0 0
i df
0 0
4 &
d 4| (i=12) (8)
a9 af
0 0
0 0
&
0 1
—

Nine simple loads for the two-domain system were ap-
plied to help us derive the independent effective constants. In
each case, only one or two components of the load are non-
Zero.

longitudinal stress

1. T§f#0
2. T5N#0 } all other Tfjff are zero and ES=0;
3. TH#0
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shear stress

4. TH#0,TH#0
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5. TS0+ 0,755+0 } all other Tfff are zero and Ef=0;

6. TH+0,T5#0
electric field

7. ES®£0

8. ES#0 } all other ES" are zero and Te =0.

9. ES#0

The constitutive relations become relatively simple for these
nine independent loads for calculating the effective material
properties. Usually only one kind of material constants for
the effective material is involved in each equation.

Putting each of these nine independent loads into Egs.
(62)—(61) and using the averaging rules, Egs. (5a)—(5b) we
obtain the linear system of equations

Ax;=Y;,
(1)
A= A<”+ A%,
¢ (i)
51‘1) 513
5B s
() [O)
s s
i i
Sis 535
9 54
(i) (i)
dyy dy
T(l)
Y
1
—7i
2 32
X;= 1 1 1
’2'(7(”)"‘7(31)
1
—il)
2T(12
E®
2)
Si
2)
513
(2)
1
ff
Y1=’—'T§1 2
v? -‘(15)

¥

0

()
44
(i)
S45
X

&

s sl dn)
9 Y df
Sf«.'s) s d§)
9 o
9 ) df
4 d
(i=12,....9),
s@ s
512
s‘?-—s3)
@) _ (1)
S24 — 824
ff
2=Tn| q@_ 5§D
25
1
55 ‘s(z)

(10a)

(10b)

(i=12),

(10c)

(10d)

, (10e)

(2) 1
dyy — dgz)

3= t2> T35
Y4=%T§f3f
|
|
)’5"“0—:—57‘??
%“%Telfzf

2
5(13)
(2)
(2)
534
(2)
535
(2)
S36
d(2)
1
)2 (D
1+ =55 1518 — S
v
L)
o)
1+_1_ @) _ (1)
2) 544 Sa4
v
1
]2 Q1
1+ — s& s$9
v
1
—_ 2) _ (1
1+ o) s -5
1 2
1+ —|d$)—dy
o)
(2)
Sis
(2)
S35
¢)
345)
(2)
Sss5
2
sgs)
2)
dss
1
1+ —— (2)"'5 6)
No)
1
12 o)
1+ 2)) o — 536
1+—1— sz)—sﬁlg
o)
1
—_— — )
1+ (2) 6 S
1
14— |56 — 66
o)
1+__1._)d(2) (1)
2
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(101)

) (10g)
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d®—gh dyy
- &
| a@-afp . dy
y7=Ej d(z) d(” y=-—(2—)Ec dP , (10h)
FOMpICH sy
)
€D el €5
FloNpICl
4P - b
2 (1
e dg) -} _
Yo= d(z)_d(l) . (10i)
dD - sy
6(22)_6(1)

The mechanical stresses T, f}) and electric field ES" are dif-
ferent in general for these simple loads. Values of mechani-
cal stress and electric field in domain 2 can be expressed
from Egs. (6a)—(61) using values of corresponding compo-
nents in domain 1. We can solve Eq. (10a) and substitute the
results into Egs. (52)—(5b) to find the effective material prop-
erties for the two-domain system. Detailed procedure is il-
lustrated in the example below.

Il. EXAMPLES OF TENSOR PROPERTY AVERAGING
FOR A TWIN CRYSTAL WITH THE SAME
VOLUME RATIOS OF THE TWO DOMAINS

As an example, we calculate the effective material prop-
erties of a 3m symmetry class single crystal, such as the
PZN-PT single crystal, with a set of twins containing equal
volume ratios of the two domains. First of all, we need to
rotate all tensor components of material properties for both
domains from their own material coordinates to the same
global coordinate system (material coordinate for the parent
cubic structure). Components of material properties for do-
mains 1.and 2 are rotated to the common coordinate system
using matrices

Bl - -
Sl w5l Sl
e e R

o
|

RO=| -
0 -
and
111
2 % ¥
1 1 1
2) = ———
R AN N an
2 1
% G

J. Erhart and W. Cao 1077

Because the prototype symmetry of the paraelectric phase is
cubic, the possible DW orientations'® for the two domains
with polarization Pg[111] and Pg[111] are [010] and
[101]. We calculate the effective material properties for the
case with DW oriented in [010]. Domains are often ob-
served as periodic twin bands in most ferroelectric materials,
therefore it is reasonable to assume the same volume ratios
for the two domains, i.e., vP=vP=1 the expected sym-
metry of such a twin structure and its effective material prop-
erties is mm?2.

Independent material properties for the 3m symmetry
class in its own crystallographic coordinate system with the
mirror symmetry plane perpendicular to the x axis can be
found in published tables.!”

Material properties for domain 1 in the chosen coordi-
nate system (as plotted in Fig, 1) are

s'D= , " (12a)
S14a S15 S15 Saa Sa5 Sas
! !
Sis S S15 S45 Saa Sas
! ! 1 ! ! 1
Si1s S15 S14 Sa5 S45 Sus
! 1 I
€1 €12 €12
I ' '
e€OV=| e, €, €], (12b)
€2 €2 €
1 I3 1 ! 4 7
dyy dyp, dip dyy dis dis
,l_ 1 ! ! ! ! 4
dO=| dj, dy, dy, dys diy dis|, (12¢)

' ' i ' ' '
d12 d12 dll dlS dlS d14

while material properties for the second domain in the same
coordinate system can be derived as

Sn Si2 S12 —S1a Sis St
S12 sty S12 —Sis Slg —Sis
"2y _ 2 Sk Su TSis S5~
U st —sis -sls sk s sk |
S1s S1a Sis —Sas Su —Sas
=515 —S1s —Sia S4s T Sus Sa4
(13a)
€11 €12 €12
D=\ —€, € —e€p|, (13b)
€2 —€p €11
dil diz diz _di4 dis _dfs
d'®=| —dj, —d;, —dy, dis —dy  djs|,
diz diz dil "dis d;s "d{4
(13c¢)
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where
Su=517(4511‘*'4513"‘4\/5514+S33+2S44), (14a)
512=é(sx1+3S12+4513'2\/5314'*'533"544), (14b)
514=%‘(-911_3512'*'513'*'\/5514‘*'-‘33'544), (14c)
Sis=%(—4S11+2313—\[2-514'*'2333'*‘544), (14d)
S44=%(5511—36’12"4513"4\[5514+2533+S44), (146)
S‘lss=%(_2311'*'6512“8S13+4\/2_314+4533"S44),

(14£)

, 1
d11=3_\/—§(2d15_2\/—2—d22+2d31+d33), (14g)
' 1 \/—
d12=m(—d15+ 2d22+2d31+d33), (14h)
! 2 .
d14=_g‘ﬁ(dls'*‘z‘/z_dzz'*‘dsl_dss)s (14)
dl = ! (dys+2\2dp—2d3+2d33) (14j)
15 3\/3- 15 22 31 33)» )
e1=5(2€ent€3), (14k)
€1,=3(—€n+ €33). (141)

As an example, let us apply load 1, i.e., T80, other are
all zero (the other loads 2-9 can be solved similarly). The
corresponding matrices for the linear system are

25;1 23{2 S{S 0 0 0
25y, 2s; s;s 00 0
2sis 2s1s s, O O O
a=| 7P o . ase
0 0 0 54 S45 2ds
0 0 0 sis sk 2dis
0 0 0 dis djs 26
T
Ty
T{
X = T(I) R (15b)
T+ 7D
EY
S11
S12
51
)’1=(2T'ff1f 1 (15¢)
S

I3
—Sis
"d;2
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where we reshaped matrix A and vectors x;,y; for conve-
nience. The solution of Eq. (10a) for our particular case is
given by

TV=1¢ 71P=0, T+T=0, (16)
detBl ) detB2
= Y= (—
detB3
(=
B =T gem an
where
824 5115 dis 514 S‘;s dis
B=| s4s sS4 dis B;=| 515 Saa dis |, (18)
dis dis € di, dis €
Su St dis Su S5 Sla
B,=| sis Sis dis| By=| Sis Sa Sis|. (19
dis di; €n dis dis dp
Mechanical stresses in domain 2 are expressed as
TP=15, 1¥=0, TH=-TY, (20)

2 Z__ 2) 1
rgeT=o, 1=-1¢.

Now we can substitute these expressions into the averaging
conditions Egs. (6a)—(61) and obtain some of the effective
material properties for the two-domain system. The same
procedure can be applied to the other loads 2-9 and a com-
plete set of effective material properties for the twin structure
will be obtained and they are explicitly given below:

EP=-E". (1)

eff eff eff eff
sf1 sz siz 0 sys 0

eff eff eff eff
sf2 S22 s O 535 0

eff eff eff eff
sf3 sz st 0 sys 0

sff= , 22a
0 0o o0 s o sF (222)
SACAE I B
o 0 o s o s
SO
ef=[ 0 & 0|, (22b)

eff eff
€3 0 €y

df dff 4§ 0 diF 0

af= o o o &F o daf|, (22¢)
af a5 aff o af o

where
stff= 51— (s]ydetB, + ssdetB, + d},detB;)/detB, (23a)
s$= 51, (s]sdetB; + 5 5detB, + d},detB;)/detB, (23b)
5= g1, (s]sdetB, +51,detB, + d |, detB;)/detB, (23¢)
5= 515~ (sisdetB, + ssdetB, + d},detBs)/detB, (23d)
sS=451,~ (s{sdetB, + ssdetBs + d},detBg)/detB, (23e)
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sSff=s1,— (sisdetBy+ s45detBs + d1,detBg)/detB, (23f)
se= g1, (s5],detB; + s{sdetBg +545detBg)/detB*,  (23g)
S48 = 45— (s]5detBy + s detBg+ s;sdetBy)/detB*,  (23h)

559=544— (s4sdetB o+ s 45detBy +d ] detBy;)/detB,  (23i)
€51=€],~ (d},detB 3+ d|sdetB + €], detB 5)/detB,  (23))
€55=€1,~ (d}sdetB 3+ d detB,+ €], detB 5)/detB,  (23k)
€= €]~ (d},detB s+ d|,detB ;+d},detB g)/detB*, (23])

df=d} — (s}detB 3+ 5 sdetB 4+ d{,detB;s)/detB, (23m)

d¥=d!,~ (s}sdetB 3+ 5|sdetB ,+d} detB s)/detB,  (23n)
d¥=d},— (s}sdetB 3+ 5 ,detB 4+ d{,detB s)/detB,  (230)
df=d}s— (s45detB 3+ s ;5detB +d | detBy5)/detB,  (23p)
dff=dls— (s} ,detBg+ 5sdetB 7+ s4sdetB )/detB*, (23q)
where
Si S Sis Sis Sas dis
B*=| si; Si1 Sis B,=| sia Su dis|, (24a)
Sis Sis Sa dy dis €
i Sts dis Sa Sis S
Bs=| s45 S1s dis Be=| sis Su Si15|, (24b)
s du €n dis dis dy
Sis Sz Sis Sy Sia Sis
B;=| sis sn Sis| Bg=| S12 Sis Sis|, (24c)
Sis Sis Sua Sis Sis Sa
S Si2 St Sis Sas dis
Bo=| 512 51 Sis| By=| Sis Si dis (24d)
Sis Sis Sas diy dis €
S Sas dis Si Sis Sas
B,;= S4s Sas dis B),= Sis Sa Sis (24e)
dis dig €n dis dis dy
dy ss5 dis si dis dis
Bjy=| dis su dis B=| s4s dis dis (24f)
€, dis € dis € €
Sa Sas dia diy S Sis
Bs= 825 844 dis Bys= diZ sil S;S (24g)
dis dis €5 dyy Sis Su
siy dip Sis sy S di
B,=| s, diz sis| Bu=| s Su dp (24h)
sis dia Sua S5 Sis di
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The symmetry of these effective material properties is at
least mm?2. Some may show degeneracy in certain compo-
nents.

Similar calculations can be carried out for any arbitrary
material symmetry and arbitrary orientation of domains and
Dw.

IV. NUMERICAL EXAMPLES FOR m3m—3m AND
m3m—4mm FERROELECTRIC SPECIES

In order to make some comparison between our method
and the volume ratio weighted average, we have performed a
numerical computation for two systems that have experimen-
tal data available in the single domain single crystal state.
Unfortunately, the lack of experimental results prevented us
from direct comparison to measured data for a two-domain
twin band system. The two systems calculated represent do-
mains formed at the ferroelectric phase transitions of m3m
—3m and m3m—4mm. (BaTiO;) was chosen as an ex-
ample for the m3m—4mm transition. There are unfortu-
nately no complete data sets available for the m3m—3m
transition. Therefore we used the numerical data of LiNbO,
in the 3m phase and assumed that the domain structures
could be engineered to the configurations resulting from a
m3m— 3m transition (the true phase transition of LiNbO; is
3m—3m and there are only 180° domains in its natural 3m
phase).

If the effective material properties could be calculated
based on volume ratio weighted average,8 the effective ma-
terial properties can have a very compact form. In vector
notation, the effective material properties of a two-domain
system are given by a 9X9 matrix

s d’
s ¥ .

where s is a 6X6 matrix of the elastic compliances, d is a
63 matrix of piezoelectric constants and € is a 3 X3 matrix
of the dielectric constant. Because the volume ratio weight-
ing method eliminated the cross coupling between domain 1
and domain 2 and ignored the orientation effect, the effective
material properties can be simply expressed as

@
M= ( MO (mD)~1m® + %M(z))
v

v@ \7!
X (m“))"lm(z)-f ;ml , (26)

where M and M® are matrices of material properties of
both domains and I is a 9X9 unit matrix. The matrices m(!
and m® are given by
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0
Sii

(@
Si3

()

515

a8
0

0)
512

(i)
523

@)

§25

E
0
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TABLE 1. Effective material properties for two variant twin structure of LiNbO; and BaTiO;. The coordinate
system is chosen in the way that the y-axis is perpendicular to the DW. Zero values of tensor components are

listed by dots.
LiNbO; DW(010) BaTiO; DW(110)
Material -
property Pg[111] pg171] This work Ref. 8 Ps[100] Ps[010] This work Ref. 8
Sap 11 5.60 5.60 5.42 5.50 7.92 7.92 7.49 7.92
[10°2m!N"'] 12 -136 -136 -110 -108 ~-128 128 -1.71 —-1.28
13 -136 -136 -138 -—146 -—3.80 —3.80 —3.47 -3.79
14 -135 1.35
15 0.26 026 —049 -0.53 .o .
16 026 —0.26 .. . 383 —3.83 ... -
22 5.60 5.60 4.65 4.84 7.92 7.92 7.49 7.92
23 -136 -136 -110 -~108 -3.8 -3.80 -3.47 -3.79
24 026 —0.26 - e
25 -135 -135 1.36 0.87 e .
26 0.26 -0.26 Ve . 3.83 -3.83 cee e
33 5.60 5.60 5.42 5.50 8.05 8.05 7.81 8.05
34 0.26 -0.26 vt .
35 0.26 026 -049 —0.53 e .
36 -1.35 1.35 ves . —~2.89 2.89 ves s
4 1565 15.65 1527 1527 13.62 13.62 11.94 11.94
45 -098 0.98 e . 478 —4.78
46 —098 -098 099 099 e ‘e vee e
55 15.65 15.65 7.92 9.22 13.62 13.62 11.94 13.62
56 —098 0.98
66  15.65 15.65 1527 1527 34.23 34.23 30.63 30.63
dig 11 16.28 16.28 11.84 1553 -157 157
[10~CN~1] 12 -583 —583 =503 -374 121 —121
13 -58 -583 -314 —6.58 24 -24
14 —47.11 47.11
15 2644 2644 2384 2040 e . . ..
16 2644 —26.44 -85 -85 ~127 -127
21 -583 . 583 121 121 130 121
22 1628 -—16.28 —-157 -157 ~147 —-157
23 583 5.83 . ... 24 24 17 24
24 2644 2644 2223 2223
25 -4711 4711
26 2644 2644 2223 2223 -85 85
31 -583 583 -3.14 —658
32 -583 -58 ~503 -3.74
33 16.28 16.28 11.84 1553 . .. . .
34 2644 —2644 e =277 -277 -179 —180
35 2644 2644 23.84 2040 -277 277
36 —47.11 47.11
€; 11 345 3.45 1.68 340 135 135 24.1 24.1
[107**Fm™1] 12 -044 0.44 ... =121 121
13 -044 044 1.04 -0.50 ... . e -
22 3.45 3.45 1.91 192 135 135 1333 135.5
23 -044 0.44
33 345 3.45 1.68 340 256 256 199.6 199.6
@ s s SR df) A &
0 0 0 0 0 0 0
s9 s s s 4B 4 df
0 1 0 0 0 0 0
9 5@ s@ s a2 d® 4R (=12). @1
0 O 0 1 0 0 0
0 0 0 0 1 0 0
& R Y 4 H L &L
0 0 0 0 0 0 1
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Numerical values for a two-domain system of engineered
LiNbO; and BaTiO; calculated using this approach® are
listed in Table I to compare with the numerical values ob-
tained by using the method given in this paper (also listed in
Table I).

It is important to point out that the global symmetry of
the twin structure is maintained whether or not the intercou-
pling between the two domains has been considered. For the
case of LiNbO;, the symmetry belongs to the mm2 class.
For BaTiO; the symmetry of the system is also mm2, but
there is additional degeneracy for some material properties.

They are: sﬁff=s§§f. Using the method of volume ratio

average,® only two of the degenerate relations s$h=s50,s$T

=s§§f hold for the elastic compliance tensor.

From Table I, the difference in elastic properties calcu-
lated using these two methods is small. This is because the
elastic properties of the two variants are very similar, the
intercoupling effect is not significant. The difference is much
larger in the piezoelectric and dielectric constants for lower
symmetry systems. For LiNbOj3, the calculated piezoelectric
coefficient d;5 using these two methods differ by more than
100% and the dielectric coefficient €3 even have different
signs. It appears that the difference becomes smaller for
higher symmetry systems. For the 4mm symmetry BaTiO,,
the difference is within a few percent for most of the quan-
tities. Therefore, the volume ratio averaging method could
give good predictions on the effective properties for higher
symmetry systems but may run into problems for lower sym-

metry systems.

V. DISCUSSION AND CONCLUSIONS

In summary, we have reported in this paper a general
procedure to calculate the effective material properties of a
two-variant twin structure. The method has taken into ac-
count specifically all the boundary conditions and used more
realistic relations for each individual tensor component,
rather than using a unified volume ratio averaging scheme.
This procedure requires to solve two sets of linear systems of
equations and could be easily implemented using a com-
puter. The equations are all linear and can be solved without
much difficulty.

In order to compare our method to the volume averaging
scheme, we have calculated two systems with polar symme-
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tries of 3m and 4mm using both methods. It was found that
the new method gives similar results for a 4mm system but
predicts quite different piezoelectric and dielectric coeffi-
cients for 3m systems. In some components, the difference
can exceed 100%. The elastic properties, however, differ
very little for both symmetries because the two types of do-
mains are very similar in elastic properties, therefore the cou-
pling of the two domains does not make a significant differ-
ence while performing the property average.

Two variant twins are the basis of all twin structures as
revealed by all microscopy works. Properly calculated, the
effective property of the two-variant twins will pave the way
to calculating more precisely more complicated multidomain
single crystal ferroelectric systems.
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Elastic, Piezoelectric, and Dielectric Properties
of 0.955Pb(Zn;,5Nby/3)03-0.45PbTiO3 Single
Crystal with Designed Multidomains

Jianhua Yin, Bei Jiang, and Wenwu Cao

Abstract—The elastic, piezoelectric, and dielectric prop-
erties of a 0.955Pb(Zn,; /3Nbg/3)03-0.045PbTiOs (PZN-
4.5%PT) multi-domain single crystal, poled along [001] of
the original cubic direction, have been determined exper-
imentally using combined resonance and ultrasonic meth-
ods. At room temperature, the PZN-4.5%PT single crys-
tal has rhombohedral symmetry. After being poled along
[001], four degenerate states still remain. Statistically, such
a domain-engineered crystal may be treated as having an
average tetragonal symmetry, and its material constants
were determined based on 4 mm symmetry. It was con-
firmed that the electromechanical coupling coefficient kgs
for the domain-engineered samples is >90%, and the piezo-
electric constant dsgs is >2000 pC/N. A soft shear mode
with a velocity of 700 m/s was found in the {110] direc-
tion. From the measured experimental data, the orienta-
tional dependence of phase velocities and electromechani-
cal coupling coefficients was calculated. The results showed
that the transverse and longitudinal coupling coefficients,
k31 and ksz, reach their maximum along [110] and [001],

respectively.

I. INTRODUCTION

ALTHOUGH early work on Pb(Zn;/3Nby/3)03-PbTiO3
(PZN-PT) solid solution system can be dated back
to the 1960s [1], [2], it was not until very recently that
this relaxor-based ferroelectric single crystal system has
generated a great deal of attention. It was found that the
single crystal system exhibits an extraordinary large elec-
tromechanical coupling coefficient k33 (>90%) and piezo-
electric coefficient d33 (>2000 pC/N) at room temper-
ature after being poled in [001], which is off the po-
larization direction of <111> [3]-[5]. Considering that
the best piezoelectric materials used today, the modified
Pb(Zr,Ti;—,)03(PZT), only has k33 of 75% and dg3 of
700 pC/N, the new system shows a promising potential to
produce higher sensitivity ultrasonic transducers with su-
perior broadband characteristics [6], large strain actuators,
and other electromechanical devices.

The physical mechanism of this multidomain system is
still unclear at the moment. The lack of complete physical
property data is the main hindrance for theoretical studies.

Manuscript received August 13, 1999; accepted October 7, 1999.
This research was sponsored by the Office of Naval Research un-
der Grant #N00014-98-1-0527 and the National Institutes of Health
under Grant #P41 RR11795-01A1.

The authors are with the Material Research Laboratory, The
Pennsylvania State University, University Park, PA 16802 (e-mail:
cao@math.psu.edu).
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Fig. 1. Possible domain configuration and associated polarization
orientation in a PZN-4.5%PT single crystal after being poled in [001}
direction.

Practically, it is also very important to have a complete set
of elastic, piezoelectric, and dielectric constants available.
At present, only one electromechanical coupling coefficient
k33 and one piezoelectric coefficient dz3 have been reported
[3]-[5]. The aim of this paper is to provide a complete
set of such data for the PZN-4.5%PT domain-engineered
single crystal. These data were obtained by using a com-
bined method involving both pulse-echo and impedance
resonance techniques.

Above 150°C, the crystal PZN-4.5%PT has a cubic
perovskite structure with symmetry m3m but becomes a
rhombohedral ferroelectric phase with 3m symmetry below
the phase transition temperature [5]. When an electric pol-
ing field along [001] of the original cubic axis is applied to
the crystal, a multidomain configuration can be produced
(as shown in Fig. 1) consisting of four degenerate states
and charged domain walls [5]. For convenience, the coor-
dinate systems used for the orientations in this paper are
all based on the high temperature cubic phase. Statisti-
cally, the poled system should have a pseudo-tetragonal
4 mm macroscopic symmetry, although the microscopic
symmetry of the system is 3m [5]. Our measured mate-
rial properties presented in this paper are based on this
4 mm symmetry. There are total of 11 independent phys-
ical constants describing the elasto-piezo-dielectric matri-
ces for the 4 mm symmetry [7).

The dielectric constants €7; and e3; were calculated
from the low frequency capacitance using the parallel ca-
pacitor approximation. Two of the elastic compliances, s,
and s%, and the two electromechanical coupling coeffi-
cients, ka3 and k31, were calculated from the resonance and-
antiresonance frequencies of the length-extensional modes

0885-3010/$10.00 © 2000 IEEE
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of long vibration bars. Another five elastic constants (&,
&, ¢k, c&, and c,) were determined from the mea-
surements of phase velocities of ultrasonic waves propa-
gating along certain orientations. Using this measurement
scheme, the only samples needed are those with the ori-
entations of [001]/[010]/[100] and [001}/[110]/[110]. Thus,
fewer samples are required when using this combined mea-
surement technique [8].

For each given wave propagation direction, the relation-
ship between the phase velocity and associated material
constants can be obtained by solving the Christoffel wave
equations [9], and these velocities can be measured using

the pulse-echo technique [7].

II. EXPERIMENTAL PROCEDURE

The impedance resonance method and ultrasonic pulse-
echo technique, described in the IEEE standards on piezo-
electricity [7], are often used to characterize material prop-
erties for piezoelectric materials [10}, [11]. Theoretically, all
independent elastic, piezoelectric, and dielectric constants
for any crystal symmetry can be determined either by the
resonance method or by the ultrasonic method, provided
there are sufficient numbers of differently oriented samples.
In reality, however, for materials of lower symmetry, some
geometries for resonance measurements are difficult to pre-
pare, especially when the available crystal is too small to
make large aspect ratio resonators. On the other hand,
because the ultrasonic technique can only measure certain
elastic constants through the measurement of phase veloc-
ities, large errors can be introduced for derived material
constants that are not related to pure modes. High acous-
tic attenuation of certain modes may also damp the prop-
agation of ultrasonic waves in certain directions so that a
complete set of material constants for low symmetry sys-
tems is also difficult to obtain using the ultrasonic method
alone. In this work, we have selected only those simple pure
modes in each method and combine the measured data to
minimize errors in the results.

In the ferroelectric phase, the dipole in each unit cell of
the PZN-4.5%PT crystal is along one of the eight <111>
directions. It has been shown experimentally that the crys-
tal can hold a macroscopic polarization only when the
electric field is applied along one of the six <100> di-
rections(3], [4]. After the application of a poling electric
field along [001], there are still four remaining degenerate
dipole orientations. Such a poling field creates a multido-
main structure with strong elastic interaction among the
existing domains. Statistically, the four remaining domains
have an equal possibility to form so that the global macro-
scopic symmetry has been assumed as 4 mm in all previous
studies [5].

The as-grown crystals were first orientated using the
Laue method with an accuracy of £0.5°. Then, each sam-
ple was cut and polished into a rectangular parallelepiped
shape with three pairs of parallel surfaces. Gold electrodes
were sputtered on to the [001] and [001] faces of each sam-
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ple, and an external electric field of 1.0 to 1.5 MV /m was
applied at room temperature to pole the sample. The final
dimensions of the samples used for the ultrasonic measure-
ments were about 3x 3x 1 mm3. For the length-extensional
resonance measurements, the aspect ratio of the sample ex-
ceeded 5:1 to yield nearly pure resonance modes [7]. Sev-
eral sets of samples were prepared for a consistency check.
For the bar samples used in the resonance measurements,
different aspect ratios were fabricated to ensure purity of
the modes. In addition to samples with [001]/{010]/{100]
and [001]/[110]/[110] orientations, a resonance bar with
its long dimension in [110] and thickness in [001] was also
made to verify the anisotropy calculations.

A 15-MHz longitudinal wave transducer (Ultran Lab-
oratories, Inc., Boalsburg, PA) and a 20-MHz shear wave
transducer (Panametrics, Waltham, MA) were used for the
pulse-echo measurements. The electric pulses used to ex-
cite the transducer were generated by a Panametrics 200-
MHz pulser/receiver, and the time of flight between echoes
was measured by using a Tektronix 460A digital oscillo-

scope.
For the length-extensional resonance measurements,

a HP 4194A impedance/gain-phase analyzer was em-
ployed. The resonance and antiresonance frequencies cor-
responding to the minimum and maximum values of the
impedance-frequency spectrum were obtained and used to
calculate the corresponding electromechanical coupling co-
efficients and elastic compliance.

The dielectric measurements were carried out at 1 kHz
using a Stanford Research System SR715 LCR Meter.

III. RESULTS AND ANALYSES

Table I lists the measured phase velocities of the longi-

‘tudinal and shear waves propagating along different crystal

orientations in the domain engineered PZN-4.5%PT sin-
gle crystals. The measured longitudinal electromechanical
coupling coefficient k33, the transverse coupling coefficient
ks; in [110] and [100] directions, and the frequency con-
stants 2If, and 2[f, for the resonance bars are given in
Table II. Here ! is the length of the resonance bar, and
f- and f, are the resonance and antiresonance frequen-
cies, respectively, obtained from the electrical impedance
spectrum. The lateral coupling coefficient k3, is different
when the long dimension is along [001] or [110] for this
system because of the anisotropy of the crystal. For com-
parison, the coupling coefficients and the frequency con-
stants of PZT-5H, BaTiOs ceramic, and BaTiOs crystal
are also listed in Table II. The coupling coefficients, k33
and ks;, of PZT-5H and of BaTiO3z were directly taken
from [12], but the other constants of these three materials
were calculated using the data from the same source. The
relationship between the measured phase velocities and re-
lated elastic constants were derived from the Christoffel
wave equations and listed in Table III. Using the four sets
of piezoelectric constitutive equations [7], a complete set
of elastic, piezoelectric, and dielectric constants of a PZN-
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TABLE I
MEASURED PHASE VELOCITIES (M/S) OF ULTRASONIC WAVES IN A PZN-4.5%PT CRYSTAL POLED IN [001].

(001] {001} [100] [100] {200] [210) [110) [110)
Y Us Y Vsl Vsl Y Vs1 Ysll

4110 2777 3656 2755 2853 4618 668 2855

TABLE II
MEASURED ELECTROMECHANICAL COUPLING COEFFICIENTS AND FREQUENCY CONSTANTS FOR PZN-4.5%PT CRYSTAL POLED IN [001]
COMPARED WITH PZT-5H aND BAT1O3.}

KR arg KR ip ke 2fe ke 2fe

PZN-%4.5PT 0.80 2300 0.50 1210 0.90 2414 0.50 4102
BaTiOj,crystal? 040 5729 0.32 4542 0.56 3926 0.29 5452
BaTiO3,ceramic®  0.21 4391 0.21 4391 0.50 4971 043 5477
PZT-5H? 039 2843 039 2843 0.75 3851 0.60 4575

! Unit for frequency constant = Hertz - meter.
2 k31 [001] and k33 are from [12]. Others are calculated from the

material constants in {12].
I

TABLE III
THE RELATIONSHIPS BETWEEN PHASE VELOGITIES AND ELASTIC CONSTANTS.
[001] _[oo1]  ,[100] . [100] _ [100] [110] [110) [110]
v Us Y YsL Vs Y UsL Yl
2 _ E E 1(E 1 P D
= LA o Ce6 3 (cn +efh + 20536) 7 (cfl - c12) Ci4

TABLE IV
MEASURED AND DERIVED MATERIAL PROPERTIES OF PZN-4.5%PT SINGLE CRYSTAL POLED ALONG [001].!

Elastic constants: ¢;; (10:°N/m?)
L R T T S SR . . - - M S
11.1 10.2 10.1 10.5 6.4 6.3 11.3 10.4 9.5 13.5 6.7 6.3
+0.15 +£0.16 =£0.15 +0.3 £0.05 +0.05 +0.15 £0.15 £0.35 +0.5 +0.05 +0.05

Elastic constants: s;; (10~*2m?/N)
- E *
sfr sh sk B st sgp  sh sh  shy s sk S
82.0 -28.5 -—51.0 108 15.6 15.9 61.5 —49.0 -9.0 20.6 14.9 15.9
+3.2 +0.9 +0.8 +0.5 +£0.12 £0.18 0.8 +0.1 +0.5 +0.8 +0.1 +0.18

Piezoelectric constants: e (C/m?), d (10~12C/N), g (10~3 Vm/N), h (108V/m)

e1s es1 €33 dis ds1 d3s 915 931 933 hys h31 has
8.9 -3.7 15.0 140 -970 2000 5.0 -21.0 44 34 —4.3 17
+0.9 +1.6 +1.6 +16 +19 +75 +0.58 =0.4 +0.8 +0.4 +2.0 +1.7
Dielectric constants: € (eo), 8 (10"4 /50) Coupling constants
Tx T'x - -
o) £33 €11 €33 BY B35 AL Bis k15 k3 k33 kg

3000 1000 3100 5200 3.4 10.0 3.2 1.9 0.23 0.50 0.91 0.50
+110 +45 +120 £200 0.1 +0.5 0.1 £0.05 £0.02 £0.01 £0.01 =£0.01

1Density: p = 8310 kg/m3.
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(a)

®

(©)

Fig. 2. Directional dependence of the longitudinal velocity, v;, and
the two shear velocities, vs1 and vs2 in a) the [100] and [010] plane,
b) the [010] and [001] plane, and c) the [110] and [001] plane.

4.5%PT crystal based on the 4 mm symmetry has been
derived and is given in Table IV. The independent ma-
terial constants marked with a star (x) in Table IV were
measured directly; the other constants in Table IV were

derived using the constitutive relations.

Our experimental results confirmed the extraordinar-
ily large room temperature electromechanical coupling co-
efficient, k33 > 90%, and piezoelectric constant, dzz >
2000 pC/N, reported earlier [3]. More importantly, we have
provided a complete set of material constants for this PZN-
4.5%PT domain-engineered single crystal, which can be
used to perform theoretical analysis and device designs. A
very slow shear wave with a sound velocity of only 700 m/s
propagating in [110] and polarized in [110] was observed,
which implies that a “soft transverse acoustic mode” exists
in this domain-engineered single crystal system.
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IV. ERROR ANALYSIS

The errors in these measured material constants come
from the following sources: 1) the use of parallel plate
capacitor approximation for dielectric measurements, 2)
errors in measuring the time of flight between ultrasonic
echoes, 3) errors in the measurements of resonance and
antiresonance frequencies and sample thickness, 4) misori-
entation and imperfect parallelness of sample surfaces, 5)
inconsistency between different samples, and 6) numeri-
cal errors for calculating those derived constants. We have
analyzed each error source to provide an estimate for the
‘measurement errors.

Using a 15-MHz longitudinal transducer, we have quan-
tified the error for measuring the sound velocity to be <1%
for sample with thickness >2 mm. The error in the capac-
itance measurement is about 4%. Error from misorienta-
tion is <1% if the misorientation is <2° as analyzed sub-
sequently. The largest error comes from the inconsistency
of different samples because the properties of each sam-
ple depend strongly on the domain pattern; the domain
pattern is controlled by the geometry of the sample and
the poling process. This error was minimized through an
oversampling scheme in the measurements.

Table V shows the velocities from several measurements
in differently orientated samples. One can see that the
difference among the measured velocities is <1%. How-
ever, because the measured coupling coefficients vary from
1 to 3%, the error of the calculated coefficient s¥; =
s/ (1 - k33) [7] can be very large. This can be seen from
the relative error of s33 caused by the error of k33:

% _ | 2kaadkss 1)
5:{33 (1 — k33)

When k33 reaches > 90%, the relative error of s cal-
culated from this formula will be an order of magnitude
larger than that of kg3. For instance, if k33 is 0.90 with a
relative error of 1%, the rélative error for s§ calculated
from (1) will be >10%.

Table VI gives the changes of some constants caused
by a 1% change in the coupling coefficient k33. Table VII
lists the measured results of the length-extension modes
from samples of different aspect ratios. For this system, the
aspect ratio (length/width) effects come not only from the
influence of mode pureness as stated in [13], but also from
the change of the domain patterns. It was found that the
coupling coefficient decreases if the aspect ratio decreases,
but the frequency constant increases for smaller aspect

ratios.

V. ANISOTROPY STUDY

Unlike Pb(Zr,Ti)O; ceramic samples, domain-engineered
PZN-4.5%PT single crystals are anisotropic in the plane
perpendicular to the poling direction. Therefore, an anal-
ysis of the directional dependence of phase velocities and
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TABLE V
VMEASURED PHASE VELOCITIES (M/S) OF ULTRASOUND WAVES IN A POLED PZN-4.5%PT CRYSTAL POLED ALONG [001]. THE LEFT COLUMN
REPRESENTS THE NUMBER OF MEASUREMENTS. (NOTE: DATA IN THE SAME ROW DOES NOT NECESSARILY
MEAN THEY ARE FROM THE SAME SAMPLE.)

Measurements
(no.) Ul[om] vgoou ”1[100] 1)L{Eo] v£1"001 Ul[l 10] ”?J}o] v£1"10]
1 4098 2794 3611 2773 2865 4612 649 2864
2 4127 2783 3681 2737 2841 4602 667 2851
3 4122 2766 3639 4612 669 2855
4 4112 2766 3696 4648 688 2842
5 4121 3672 2870
6 4080 3640 2854
7 4123 2860
8 2847
Average 4110 2777 3656 2755 2853 4618 668 2855
Relative 0.3 0.4 0.7 0.6 0.4 0.3 1.5 0.2
error (%)
TABLE VI

COMPARISON OF DERIVED CONSTANTS FOR THE TWO CASES OF ka3 = 0.90 AND k33 = 0.91.

= 3] D B
kss o ¢ o3 o Shy

s¥ €35 em ess dm g3 ha  hss

091 96 95 93 130 541
0.90 101 105 9.45 13.1 514
(%) 11 51 10 16 08 51

120 890 —1.5 16.5 2100 46.4 —19 209
108 970 —3.7 155 2000 43.7 —43 174
11 8.6 85 6.3 4.9 6.0 77 18

1§ is relative error.

TABLE VII
EXPERIMENTAL RESULTS OBTAINED FROM THE LENGTH EXTENSIONAL RESONANCE USING SAMPLES WITH DIFFERENT ASPECT RATIOS.

| (mm) l/w fr(kHz) fa(kHz) ks3 2lfa(Hzm)

4.05 9.0 143.9 298.0 0.90 2414

2.90 6.3 222.5 427.5 0.88 2480

3.10 4.5 217.5 408.8 0.87 2534

3.62 3.9 202.4 372.3 0.86 2695
TABLE VIII

RELATIVE ERRORS (IN PERCENTAGES) INTRODUCED IN VELOCITIES WITH A MISORIENTATION OF 2°.

001 001 100 100 100 110 110 110
SPO OO 00 oo gl il 0], 0]

sf|

Relative 0.2 0.4 0.3
error (%)

0.5 0.5 0.06 2.0 0.2

electromechanical coupling coefficients will be very help-
ful to understand the nature of PZN-PT crystals. The
anisotropy analysis was performed by using the measured
data given in Table IV. Fig. 2 provides the directional de-
pendence of phase velocities for sound wave propagating
in the a) X-Y, b) Y-Z, and c) [110}-Z planes. The calcu-
lated results reveal that the velocities of the longitudinal
_waves do not change with orientation as much as that of
the shear waves. As shown in Fig. 2(a), the shear wave
propagating in the X-Y plane and polarized in the same
plane has the strongest orientational dependence. It has a

maximum in [100] and a minimum in [110], respectively.
Fig. 2(b) shows that the phase velocity of the shear wave
propagating and polarizing in the Y-Z plane also changes
drastically with the propagation direction. Its maximum
and minimum are in [001] and [011], respectively. There-
fore, the error in phase velocity measurements caused by
misorientation is larger for the shear wave propagating in
[110] than in other orientations. Table VIII lists the errors
of the velocities for an assumed misorientation of 2° in
the propagation directions. The maximum error from this

error source is 2%.
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Fig. 3. Directional dependence of the coupling coeficients k33, k31,
and ki, respectively, in a) the [100] and [010] plane, b) the [010] and
[001] plane, and c) the [110] and [001] plane.

Fig. 3 shows the directional dependence of the elec-
tromechanical coupling coefficients k33 and k3;. The poling
direction is parallel to the length direction for the k33 bar
and perpendicular to the length direction for the k31 bar.
The coupling coefficient k33 has a maximum value when
the length is in [001] [Fig. 3(b)]; the coupling coefficient of
ka1 Teaches the maximum when the length is in [110] di-
rection [Fig. 3(c)]. This calculated anisotropy of the lateral
coupling coefficient was verified by the direct measurement
given in Table II. Fig. 3 also gives the directional depen-
dence of &, the coupling coefficient of the thickness mode
for a flat plate. It has a maximum in the [001] direction.

Because the 1-D formula for calculating the cou-
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pling coefficient and elastic compliance from the length-
extensional mode is derived based on the assumption of
a long thin bar without lateral constraints, a large aspect

ratio is needed to produce such decoupled modes [7]. Oth-

erwise, the measured coupling coefficient from the reso-
nance method will be between the value of k; and k33. In
other words, the longitudinal velocity would be higher for
smaller aspect ratios. These results were verified also by
the experimental results given in Table VII. It is worth
mentioning that some of the modes were not pure even
with a very large aspect ratio for this multidomain system;
therefore, it is not possible to obtain the complete set of
the material properties by using the resonance technique

alone.

VI. SUMMARY AND CONCLUSIONS

The material properties of a PZN-4.5%PT single crys-
tal poled in the [001] direction of the original cubic axes
were measured using a combined method of ultrasonic
and resonance techniques. The crystal symmetry of the
ferroelectric state is 3m at room temperature, but the
macroscopic average symmetry of the domain pattern is
pseudo-tetragonal for the [001] poled samples. Rectan-
gular parallelepiped samples with [001]/[010]/[100] and
[001]/[110]/[110] orientations were made for our measure-
ments. A complete set of elastic, piezoelectric, and dielec-
tric constants for the PZN-4.5%PT single crystals were de-
termined from the measured resonance frequencies, sound
velocities, and low frequency capacitance values. The di-
rectional dependence of the phase velocities of the ul-
trasonic waves propagating in the X-Y, Y-Z, and [110}-
7 planes were calculated based on the measured data.
The calculated results showed that the phase velocities
are strongly anisotropic for shear waves but directional de-
pendence is relatively weaker for the longitudinal waves.
A slow shear wave, about 700 m/s, was found in the [110]
direction polarized in [110]. The directional dependence of
the electromechanical coupling coefficients was also calcu-
lated based on the measured materials properties. It was
showed that the maximum value of k33 is in [001], and the
maximum of effective lateral coupling coefficient k3; is in
[110]. These calculated results agree well with our experi-
mental verifications. Detailed error analysis was performed
for each measured coefficient, and it was concluded that
the errors are small for directly measured quantities but
rélatively larger for the derived coefficients.
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Pb(Zn,,Nb,,)O; single crystal is typical relaxor ferroelectrics and has optical isotropic property . However,
our PZN single crystal showed real domain configuration with very small birefringence at room temperature.
This domain configuration can not satisfy crystallographic configuration, and its temperature dependence
indicated that the domain configuration existed even at 200°C. Moreover, the complete same domain
patterns can be always regenerated despite repeated heat annealing at 250°C. The characterization of the
PZN crystal revealed that there were growth twinning structures, lattice defect, and inhomogeneity of
chemical composition. Therefore, it suggests that very weak local stress field caused by these defect
structure can make polar micro region ordering and thus can make the defect-induced domain configuration.
Key word: PZN single crystal, defect-induced domain configuration, polar micro region, relaxor, defect structure

1. INTRODUCTION

It was well known that Pb(Zn ,Nb,,)O, (=PZN) single
crystal is typical relaxor ferroelectrics and has an optical
isotropic property'”. To date, many researchers have
considered that a polar micro region (=PMR) must be
the origin in the relaxation behavior, and PMR could
also cause an optical isotropic state*. Therefore, PMR
is the most important factor in the relaxation behavior.
At present, there are some models about state of PMR.
i.e., (i) superparaelectric model, (ii) dipolar and spin
glass model”, (iii) dipolar dielectric with random field
model® and (iv) breathing model”. First three modeis
were on the basis of flipping polar vector in PMR while
the last model was on the basis of fixed polar vector.
Therefore, it was very important to observe PMR
directly and reveal the state of PMR. Before, it has
considered that chemically ordered domain (COD)
observed by TEM might be PMR, but Akbas and Devis
revealed that COD did not relate with relaxation
behavior, i.e., PMR™". Therefore, to date, no one has
observed PMR directly.

Nomura et al. reported that before DC-bias exposure,
pure PZN crystal showed an optical isotropic property
although after DC-bias exposure, the relaxor state
changed to the ferroelectric state with a normal
ferroelectric domain®. However, in PZN single crystal
which we grew by a flux method, a domain
configuration with very low birefringence was observed
clearly under crossed-nicols, as shown in Fig. 1. This
domain configuration has some strange features, i.e., (1)
very unclear domain wall, (2) partially curved domain
wall, (3) very low birefringence, (4) unexpected angle
between neighbored domain, and (5) graduation of
birefringence in one domain. Moreover, it shouid be
noted that our PZN crystal with the strange domain
configuration exhibited the almost same dielectric
properties as those in Yokomizo's isotropic PZN’-.
These results mean that the relaxation behavior in the
optical isotropic PZN crystal is almost same as that in
PZN crystal with the strange domain configuration, i.e.,

there is no difference between states of PMR in two
PZN crystals. Therefore, it is so important to discuss
about the domain configuration on the basis of
crystallography, and reveal its origin.

Our objective is to clear the strange domain
configuration crystallographically, and discuss about its
origin. In this study. we analyze the domain
configuration crystallographically. and also do in-situ
domain observation as a function of temperature.

2. EXPERIMENTAL

PZN single crystals were grown by a conventional
flux method using a PbO flux. Further details on the
crystal growth were reported elsewhere? Flux grown
crystals were characterized using XRD and ICP.

These crystals were oriented along [111] direction
using a back reflection Laue camera. After the
orientation, the crystals were cut and polished. For in-
situ domain observation from -100°C to 200°C and
crystallographic interpretation, very thin crystals with
thickness of around 50 pm and wo mirror-polished
(111) surfaces were prepared. Domain configuration
was observed under crossed-nicols at transmittance

\ A\ 'Z\ &, )
Fig. 1 Domain configuration of PZN single crystal
oriented along [111]).
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configuration using a Polarizing microscope (Carl Zeiss,
D-7082). Prior to the domain observation, all crystals
were annealed at 250°C for 15hr in air in order to
remove ferroelastic domains.

3. RESULTS AND DISCUSSION

3.] Characterization of PZN crystal: Powder XRD
measurement of as-grown PZN crystal indicated that an
average symmetry can be assigned to rhombohedral
R3m. and a-axis and a is 0.4056nm and 89°55',
respectively. These lattice parameters were almost
consistent with those in Yokomizo's crystal®. On the
other hand, ICP measurement of the as-grown PZN
crystal revealed that each wt% of lead (Pb), zinc (Zn),
piobium (Nb), and oxygen (O) was 59.9, 5.7, 20.7 and
13.7, respectively, while in an ideal PZN crystal, each
wt% of Pb, Zn, Nb, and O is 61.1, 6.4, 18.3 and 14.2,
respectively”. This indicated that a chemical
composition in the as-grown crystal is slight Nb-rich,
while Yokomizo et al. grew PZN crystal with almost its
stoichiometric composition*. Therefore, as considered
electroneutrality condition, there must be lattice defects
such as Nb,=, V.o, V", V," and V™ in our PZN
crystal.

Fig. 2 shows temperature dependence of dielectric
constant in the as-grown PZN single crystal oriented
along [111]. T, and dielectric constant measured at
100Hz was 134°C and around 60000, respectively, and
T_., at various frequencies shifted to higher temperature
with increasing frequency while and dielectric constant
also decreased at the same time®  Moreover, the
dielectric properties in our crystal were the almost same
as those in Yokomizo's crystat™.

The above characterization suggested that about the
average crystal structure and dielectric property, there is
no difference between our and Yokomizo's crystals
while about chemical composition, there is a significant
difference between both crystals. Thus, it can be
possible that this difference in defect structure can cause
the domain configuration (Fig. 1) in our crystal while
the optical isotropy in Yokomizo's crystal.

3.2 Crystallographic  domain  assignment: A
crystallographic assignment of the domain configuration
(Fig. 1) was done using a polarized microscope. R3m
crystal can have 8 equivalent domains with polar
directions of <111>. Fig. 3 shows a projection of
indicatrix for 8 domains on (111) plane. Under fixed
crossed-nicols, «, B and y-domains with 6 polar
directions of [T11], {1T1}, (11T}, [1T1], {TT1] and [111]
have an extinction position by 90°, and the angle
between the extinction position of these domains must
be 30° or 60°, while 5-domains with 2 polar directions of
{111] and {T11] have always an optical isotropic state.
Therefore, by rotating crystal under fixed crossed-nicols,
we can obtain the crystallographic information about
domain configuration™*. Fig. 4 shows the
crystallographic assignment performed on a part of the
domain configuration in Fig. 1. The relationship
between neighbored domains satisfied a crystallographic
configuration in R3m ferroelectric crystal. Moreover, it
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Fig. 3 Projection of indicatrix for 8 domains-on (111)
plane in R3m crystal.

ographic assignment on a pz;n of the
domain configuration shown in Fig. 1.

T = ..
Fig. 4 Crystall

was confirmed that there are growth twinning structures
of {111}, 71° domain walls of {100} or 109" domain
walls of {110}. However, there is still remained a
significant question about crystallographic assignment,
i.e., it is impossible to explain the high Miller indices of
planes such as {311} as non-180" domain wall in R3m
crystal crystallographically.  Moreover, as above
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mentioned, there are other questions in Fig. 1 such as (1)
very unclear domain wall, (2) partially curved domain
wall, (3) very low birefringence and (4) graduation from
dark to bright even in one domain. Especially, it is
impossible to consider one region with the graduation of
birefringence as one ferroelectric domain. Therefore,
the above crystallographic assignment revealed that
these domains can not be regarded as a normal
ferroelectric domain.

3.3 Temperature dependence of domain configuration:
The in-situ domain observation was done from -100°C
to 200°C. From 25°C to -100°C, there is no change of
domain configuration while its birefringence increased
slightly with decreasing temperature.  This slight
increase of the birefringence suggests an increase of
spontaneous polarization. On the other hand, from 25°C
to 200°C, a drastic decrease of the birefringence was
observed around 115°C while there is no change of the
domain configuration as shown in Fig. 5. Pure PZN has
a phase transition around 140°C. Therefore, if the
domain configuration is induced on a ferroelectric phase
transition from R3m to Pm3m, we can expect a
disappearance of the domain configuration around
140°C.  However, the domain configuration was
observed even at 200°C, which means that the domain
configuration is not normal ferroelectric domain.

3.4 Domain configuration before and after poling: Figs.
6-(a) and (b) show the domain configuration before and
after poling. By the poling at 42kV/cm, a normal
ferroelectric domain configuration expected in R3m
crystal was observed as shown in Fig. 6-(b). This detail
was described elsewhere'**. The ferroelectric domain
configuration induced by poling was quite different
from the domain configuration in Fig. 6-(a), and thus
poling can break the strange domain configuration.
However, when poled PZN. crystal was annealed at
250°C for 15h, it was confirmed that the original domain

-configuration was regenerated completely as shown in

Figs. 6-(a) and (c). Moreover, annealing at 500°C
resulted in the complete regeneration of the original
domain configuration. These facts suggested that the
domain configuration in Fig. 6-(a) has some memory
effect on its configuration. As one of factors affecting
in the memory effect on the domain configuration, the
defect structure is well known”. In this study,
characterization of PZN crystal revealed that there were
the defect structure such as the lattice defects,
inhomogeneity of chemical compositions and growth
twinning structures. Therefore, we must consider the
defect structure as an origin of the strange domain.

3.5 Defect-induced domain configuration: In general,
an inhomogeneously distributed defect structure can be
the origin of very weak local stress field. On the other
hand, relaxor material must have PMR intrinsically as
the origin of relaxation behavior, and PMR is considered
as the nm-sized region with flipping or fixed polar
vector. Moreover. Cross proposed that PMR in relaxor
can be present above T _° Therefore, we propose the
following model about the strange domain
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Fig. 5 Temperature dependence of the domain
configuration from 30°C to 200°C

configuration, i.e., the weak local stress field occurred
by the inhomogeneously distributed defect structures
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made polar direction of a part of PMR ordering, and
thus its ordering region was observed as a domain under
crossed-nicols. This model can also explain all of
questions about the strange domain configuration. Now,
we believe that the strange domain configuration in this
study should be a defect-induced domain configuration,
and the defect-induced domain configuration can be
observed only in relaxor materials. This is because for
an formation of the defect-induced domain
configuration, the both PMR and inhomogeneously
distributed defect structures must be required.
Moreover, it should be noted that PMR may be first
observed indirectly in this swmdy. Therefore, it is
possible that the important information about PMR can
be obtained through the study about the defect-induced
domain configuration, and now we are doing so.

4, CONCLUSION

Our flux-grown PZN crystal exhibited the strange
domain configuration with very small birefringence.
The crystallographic assignment revealed that this
domain configuration can not be a normal ferroelectric
domain. The temperature dependence of this domain
configuration indicated that the domain configuration
existed even at 200°C. Moreover, the same domain
parterns can be always regenerated despite of repeated
heat annealing at 250°C. Our PZN crystal also included
growth twinning structures, lattice defects, and an
inhomogeneity of chemical composition. Therefore, it
suggests that very small local stress field caused by
these defect structures can make PMR ordering, and
thus can make the defect-induced domain configuration.
Therefore, it is possible to obtain the information about
relaxation mechanism of PZN from the study about the
defect-induced domain configuration. Thus, a
significant decrease of the birefringence around 115°C
suggested that the state of the polar vector changed

remarkably.
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Abstract: Switching current measurements have been carried out on relaxor ferroelectric single crystal -
pure PZN, and the solid solution (1-x) Pb(Zn;; Nb2s3)0s - x PbTiO; with x= 0.04, 0.09, 0.10. Measurements have
been done for crystallographic directions [001] and [111] for all these compositions. Switching times versus the
applied field showed the following results. Pure PZN along [111] and 0.90PZN - 0.10PT along [001], and [111]
showed an exponential dependence. Along [001] the PZN showed a linear fit. For solid solution single crystals-
0.96PZN -0.04PT and 0.91PZN — 0.09PT, a linear fit was obtained for the reciprocal switch times versus applied
field for both the directions. If we draw a parallel picture with the reported barium titanate data, it appears that the
polarization reversal is controlled by nucleation along [111]- spontaneous direction for PZN and [001], [111] for
0.90PZN — 0.10PT. The mobility of the reversed domains controls the reversal along [001] for PZN and the solid
solution single crystals with rhombohedral composition along [001] and [111]. The transient current curves showed
two maximum points for crystals with x = 0.04 and 0.09. This is attributed to the co-existence of the two phases in
0.96PZN -0.04PT and 0.91PZN — 0.09PT crystals.

INTRODUCTION

Measurement of switching current to study the polarization reversal phenomena' is well known.
In this method, a series of symmetric bipolar voltage pulse which produces polarization reversal is applied
to the crystal and the transient current measured across a resistor connected in series with the sample.
Information on polarization reversal processes was obtained by switching current measurements for
BaTiO; (BT)*. These measurements for BT showed that the total polarization reversal time depends on
the applied field.

Such transient current studies have not been carried out on relaxor ferroelectric single crystals
such as Pb(Zn;; Nby3)0; (PZN) and their solid solutions with PbTiO; (PT). In this paper, the experimental
results of switching current measurements for PZN, PZN — PT single crystals and their dependence on
crystal orientation are presented. Their switching behavior is examined in terms of the presently accepted
model of domain nucleation and growth.

Single crystals of 0.91PZN- 0.09PT are known to show very high values of electromechanical
coupling factor k33 of 92-95 % and piezoelectric constant ds; of 2500 pC/N*°. In this system, PZN having
rhombohedral symmetry is a relaxor ferroelectric material which undergoes a diffuse phase (frequency
dependent) transition around 140°C. On the other hand lead titanate PT having a tetragonal symmetry is a
normal ferroelectric with a sharp phase transition at 490°C. These two composition form a solid solution
system with a morphotropic phase boundary (MPB) around 0.91PZN-0.09PT. It has to be mentioned that
the giant values of k;; and ds; are obtained for crystals with rhombohedral composition with spontaneous
polarization along [111] is poled along [001]. This direction is the spontaneous polarization direction for
tetragonal crystals.

EXPERIMENTAL DETAILS

All the single crystals PZN and (1-x)PZN- xPT used for the measurements were grown the lab by the flux
method. The crystal direction [001] and [111] were determined by Laue back reflection method. The
crystals were then cut and polished to form rectangular plates with the desired orientation perpendicular to
major faces. The thickness of all the samples varied from 0.20 mm -~ 0.23 mm and the area was around
4mm x 1.3mm. Sputtered gold was used as electrodes. A function synthesizer (DF -194 digital function
synthesizer) in conjunction with an amplifier was used to apply rectangular pulses of one second duration
to the sample. A resistor of 150 ohms was used in series with the sample and voltage across it was
measured using oscilloscope for determining the switching current. A representative switching current
obtained when a positive pulse is applied to the sample is shown in Fig. 1. The normal displacement



current transient obtained when the second positive pulse is applied is also shown in the same figure. This
displacement current is subtracted to obtain the actual switching current. The fields applied ranged from 3-
36 kV/cm. The switching time is defined here as the time taken for the current to reduce from maximum
10 1/10 of the maximum. The field was applied along [001] and [111] crystallographic directions. All
these crystals have rhombohedral compositions. The spontaneous polarization for rhombohedral
composition is along [111] and that for tetragonal is along [001] respectively.
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-Fig.l A representative switching and the corresponding displacement current. The two are subtracted to
"~ get the actual switching current. '

RESULTS
Figure 2 shows the transient current associated with switching for PZN, 0.96PZN -0.04PT and 0.91PZN -

0.09PT single crystals. We will name them crystals A, B and C for discussion purposes. It has to be
mentioned that the time scale for all the curves are not same, they vary from 2.5 millisecond (for low
field) to 100 microsecond for high applied electric field. Hence no unit has been mentioned in the figure.
These curves are overlapped only for comparison. However, each curve is considered separately for
calculation of the switching time. Looking at this data for spontaneous polarization direction [111], the
crystals B and C showed a double maximum in the switching current curve. For crystals B, having 0.04
PT at low field values (5 — 9 kV/cm) the first peak was much higher in magnitude than the second peak.
As the field is increased, the second peak increases in magnitude and finally only one peak is observed.
For crystals C having 0.09PT, similar variation of second peak overtaking the magnitude of the first peak
was observed. However, two distinct peaks were present even at high fields. Such a behavior was not
observed for pure PZN crystal with field along [111] direction. For field applied along [001] -the
spontaneous polarization direction for tetragonal crystals, no such double maximum in the switching curve
was observed for pure PZN (crystal A) and crystal B. The crystal C showed a double maximum at low .
 field values. The curve corresponding to 26kV/cm for 0.91PZN ~ 0.09PT with field along [001] shows the
field induced phase transition from rhombohedral to tetragonal.

This leads us to believe that the presence of two peaks is due to the co-existence of both
thombohedral and tetragonal phases in these crystals. It is difficult to associate a particular peak with
cither rhombohedral or tetragonal composition. The two parameters ~the component of electric field along
a crystallographic direction and the volume fraction of the second phase present may also need to be
considered in explaining the presence of the double peaks. More detailed work is continuing and will be
reported shortly.

The reciprocal switching time as a function of applied field is shown in Fig. 3. For pure PZN
(crystal A), linear dependence was observed along [001] and exponential dependence along [111]
direction. The figure shows a linear variation with different slopes at low and high field values for the
crystals B, C and both the directions [111] and [001]. It appears that a linear law can describe the

switching process
1

: E (1)

SRS




where t is the switching time, d the thickness of the crystal, p is the mobility of the moving domain wall, E
is the applied field. However, there is a change in the slope at a certain applied field for all the crystals. At
higher fields, the curve becomes almost horizontal to field axis.

DISCUSSION

From the published data>*%’ for BaTiO; (BT), the switching current shows an exponential
dependence on applied field at small field values. The dependence becomes linear as the applied field is
increased. On the basis of these results, it was suggested that the polarization reversal for BT at small-
applied fields is controlled by nucleation rate of the reversed domains. At higher field, the mobility of the
reversed domains controls the reversal mechanism.

We now compare this with the present data for relaxor based single crystals of PZN, 0.96PZN -
0.04PT and 0.91PZN - 0.09PT. The field was applied along [001] and [111] - the spontaneous direction
for rhombohedral and tetragonal compositions.

For PZN along [111] the dependence of switching time on applied field was exponential. Along
[001], the dependence was linear. If we draw a parallel picture with the barium titanate data, it appears
that the polarization reversal is controlled by nucleation along [111] and the mobility of the reversed
domains along [001].

For solid solution single crystals 0.96PZN -0.04PT and 0.91PZN - 0.09PT, a piecewise linear fit
was obtained for the reciprocal switch times versus applied field. Unlike the barium titanate, no
exponential dependence was observed at small field values. Assuming the model of domain nucleation
and motion, it appears that the polarization reversal in these crystals is controlled by the forward motion of
the domains.

A double maximum observed in the switched current is attributed to the co-existence of the two
phases in 0.96PZN -0.04PT and 0.91PZN - 0.09PT crystals. This was not observed in PZN crystal.
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Dielectric and piezoelectric properties of BaTiO; single crystals polarized along the (001)
crystallographic axes were investigated as a function of temperature and dc bias. Electromechanical
coupling (k33)~85% and piezoelectric coefficients (d33)~ 500 pC/N, better or comparable to those
of lead-based Pb(Zr, Ti)O5 (PZT), were found from (001)-oriented orthorhombic crystals at 0 °C, as
a result of crystallographic engineering. A rhombohedral BaTiO; crystal polarized along (001) also
exhibited enhanced piezoelectric performance, i.e., k33~79% and ds;3~400pC/N at —90°C,
superior to PZTs at the same temperature. It was found that the crystal structure determined the
(in)stability of the engineered domain state in BaTiO; single crystals. Rhombohedral (3m) crystals
at —100°C exhibited a stable domain configuration, whereas depoling occurred in crystals in the
adjacent orthorhombic phase upon removal of the E field. © 1999 American Institute of Physics.

[S0021-8979(99)04517-X]

1. INTRODUCTION

Recent innovations in regard to relaxor-based single-
crystal piezoelectrics such as Pb(Zn;;Nb,3)05;, Pb(Mg;s3
Nb,/3)Os, and their solid solution with PbTiO; are based on
crystallographic engineering associated with an engineered
domain state and crystal anisotropy, which is not achievable
in polycrystalline ceramics. Longitudinal coupling coeffi-
cients (k33) as high as 94%, piezoelectric coefficients (d33)
>2500pC/N with strain levels exceeding 1.7% (Refs. 1-3)
were recognized by electrically polarizing relaxor-based
rhombobedral single crystals along their nonpolar pseudocu-
bic (001) direction. In contrast, thombohedral crystals poled
along their polar direction (111) exhibited significantly infe-
rior properties, i.e., k33<50% and da;~ 100 pC/N.%*

In addition to ultrahigh piezoelectric performance, strain
versus E-field behavior with minimal hysteresis, and low di-
electric loss (<1%), was another important characteristic of
the crystallographically engineered relaxor-based single
crystals.” a consequence of four equally populated thombo-
hedral types of domains.’ Although in a multidomain state.
the stable domain configuration resulted in materials with
enhanced reliability, i.e., no degradation detected after more
than 107 cycles of unipolar driving at high fields (>50 kV/
cm. 1 kHz).% From a crystallographic point of view, it was
suggesteds'-"'8 that the macroscopic symmetry of rhombohe-
dral relaxor ferroelectric crystals poled, or dc biased along
{001), should be 4 mm, describing the macrosymmetry of an
entire single crystal composed of a stable engineered domain
configuration.

Based on the concept of crystallographic engineering
used in relaxor ferroelectric single crystals, single crystals or
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epitaxial forms of any known ferroelectric materials should
exhibit significant enhancement in electromechanical perfor-
mance at temperature or composition close to an appropriate
phase transition. It was the objective of this work, therefore,
to apply the concept of crystallographic engineering to nor-
mal ferroelectric crystals such as BaTiO3, and to evaluate the
possibility of enhanced piezoelectric performance. Low-
temperature phases of BaTiO; single crystals, such as ortho-
rhombic and rhombohedral, were poled along (001) to in-
duce an engineered domain state. The obtained piezoelectric
properties were compared with values predicted by axis
transformation for single-domain BaTiO; crystals using the
Devonshire theory.9

II. EXPERIMENTAL PROCEDURE

Samples for measuring dielectric and piezoelectric prop-
erties were prepared using commercially available BaTiOs
single crystals (optical grade, Fujikura Ltd.) grown by the
top-seeded solution growth (TSSG) technique. According to
company brochures and the related report,'® concentration of
impurities such as Cr, Mn, Co, Ni. Fe. and Cu was less than
3 ppm. Individual crystals were oriented along their
pseudocubic (001) axis using a Laue back-reflection camera.

For electrical characterization. samples were prepared by
polishing with silicon carbide and alumina polishing pow-
ders to achieve flat and parallel surfaces. Gold electrodes
were sputtered on both sides of the samples. Prior to electri-
cal characterization, all samples were heat treated at 250°C
for 14 h to eliminate residual stresses induced during sample
preparation. For low-field measurements using the IEEE
resonance technique,!' samples were poled either by field
cooling (10 kV/cm) from 150 °C or by applying 40 kV/cm at
room temperature.

Low-temperature properties under dc bias were mea-
sured using an HP4194 impedance analyzer in conjunction
with a computer-controlled temperature chamber (Delta De-

© 1999 American Institute of Physics
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TABLE . Phase transitions of BaTiO, crystal as a function of temperature.

Temperature
range >130°C 120t0 0°C 0to —90°C <~90°C
Primitive cell Cubic  Tetragonal Pseudomonoclinic Rhombo-
symmety (orthorhombic?) hedral
Point group m3m 4mm mm2 3m
Macrosymmetry” e 4mm 4mm 4mm

*Unit-cell symmetry.
“Under dc bias along (001).

sign Inc., model MK 2300) and a dc bias blocking circuit
with a maximum capacity of 1000 V. For longitudinal piezo-
electric coefficient (d33) determination, bar-shape samples of
0.4X0.4X1.6mm in length were prepared. High-field mea-
surements included polarization and strain hysteresis using a
modified Sawyer—Tower circuit and a linear variable differ-
ential transducer (LVDT) driven by a lock-in amplifier
(Stanford Research Systems, model SR830). Plate-shape
samples with thickness ranging from 0.2 to 0.5 mm were
used. Electric fields as high as ~140 kV/cm were applied
using an amplified unipolar wave form at 0.1 Hz, from a
Trek 609C-6 high-voltage dc amplifier. During testing the
samples were submerged in Fluorinert (FC-40, 3M, St. Paul,
MN), an insulating liquid, to prevent arcing.

lil. RESULTS AND DISCUSSION

Table I summarizes the phase transitions of BaTiO;. As
considered in the phenomenological theory by Devonshire, '
the unit-cell symmetry dictates the direction of the polar
shift, i.e.. orthogonal (4mm), face diagonal (mm2), and body
diagonal (3m), based on the primitive perovskite cell. When
an E field is applied along an orthogonal direction at various
temperatures, a single-domain state may be achieved only for
tetragonal crystals. In contrast, in orthorhombic as well as in
rhombohedral crystals, four polarization directions ((101),
(011), (—101), (0-11) and (111). (=111), {1-11), {(—1-11),
respectively) are energetically equivalent and four types of
domains will be equally populated under the (001) E field.
Using analogy with thombohedral relaxor ferroelectric single
crystals.>’ we propose that this configuration should result in
a macroscopic symmetry 4mm, as shown in Table I. It is
interesting to note that the crystal macrosymmetry retains
4mm regardless of lattice symmetry changes, under the (001)
E field. The macroscopic symmetry of crystals at zero E field
that were exposed to the (001) E field was determined by the
stability of the engineered domain configuration. A certain
magnitude of the (001) E field will ultimately induce the
phase transition into a single-domain tetragonal phase. De-
tails on the E-field-induced phase transition can be found
elsewhere.®!? Details on domain (in)stability will be dis-
cussed in the following sections.

Figure 1 presents longitudinal electromechanical cou-
pling coefficients (k33) as a function of temperature for the
(001)-poled BaTiO; crystal under dc bias. At room tempera-
ture. the value of k33 increased from ~0.53 (0 kV/cm) to
0.65 (6 kV/cm) as a result of the domain reorientation in the
crystal. which had been partially depoled due to domain in-
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FIG. 1. k3 as a function of temperature for the (001)-poled BaTiO, crystal
under various dc bias. (solid arrows: first cycle, dashed arrows: second

cycle).

stability. Regardless of the magnitude of the dc bias, the
initial partially depoled state reappeared upon removal of the
E field. It is important to note that k33~0.53(0 kV/cm), a
value from the partially depoled crystals in this work, corre-
sponds to values reported earlier, i.e., ~0.56 (Ref. 14) and
~0.55 (Ref. 15) for tetragonal BaTiO; crystals, suggesting
that they were not those of single-domain crystals.

At lower temperatures. k3; was also found to be depen-
dent on the dc bias due to crystal depoling as a result of
phase transitions as well as domain instability. Figure 2
shows k33 as a function of the E field for orthorhombic crys-
tals (—5 °C). k33~0.7 initially detected at 0 kV/cm increased
with increasing bias. to a value of k33 as high as 0.83 at 6
kV/cm. After E-field exposure. the unbiased k33 value was as
high as 0.79, being a starting point for the second cycle
(dashed arrows in Fig. 1). The initial lower value for the first
cycle (solid arrows in Fig. 1) must be a consequence of par-
tal depoling caused by the tetragonal—orthorhombic phase
transition. It is noted that when the E field was constant at 6
kV/cm, the k33 value increased from 0.79 to 0.83, indicating
that higher k33’s may be obtained under larger dc bias. Simi-
lar behavior was observed for rhombohedral crystals at
—100°C, with maximum k33 as high as 0.78 at 6 kV/cm.

0.9
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0. L
e e 3
e
A
07} @
0.6

0 1 2 3 4 5 6
Electric Field (kV/cm)

FIG. 2. k33 as a function of dc-bias (first cycle) for the (001)-oriented
BaTiO. crystal at ~5 °C.
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FIG. 3. dj; as a function of temperature for the (001)-poled BaTiO; crystat
under various dc bias, measured using the [EEE standard method.

Note that these k33 values of BaTiO; crystals are larger than
room-temperature k33 values of Pb-based polycrystalline
Pb(Zr, Ti)O; (PZTs) (0.5-0.75), the current piezoelectric
material of choice.

Piezoelectric coefficients (d33) versus dc bias at various
temperatures are shown in Fig. 3. For the (001)-poled
BaTiOj; crystals, change in ds; as a function of the {001) E
field was not as significant as in the case of k33, as evident
from the equation,

dy3=k33\(€35%53), (1)

with €7, (free-dielectric permitivity) quickly decreasing with
increased E field while k33 increased and s%; (elastic compli-
ance) remained aimost constant as demonstrated in Fig. 4. It
is noted that the ds3 value of ~490 pC/N, which was mea-
sured at —5°C is comparable to the room-temperature ds;
values of the PZTs. Rhombohedral BaTiO; crystals at
—100°C exhibited d33’s as high as 350 pC/N, also larger
than that of polycrystalline PZTs at the same temperature.16

In regard to domain instability in single crystals, d3; was
also determined directly from strain versus E-field curves.
Figure 5 presents strain versus unipolar E-field behavior for
the (001)-poled BaTiO; crystals at various temperatures.
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i A 8kviem
z 30} 2
m; 20 - a
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FIG. 4. 5%, as a function of temperature for the (001)-poled BaTiO, crystals
under various dc bias.
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FIG. 5. Strain vs E-field behavior (unipolar) for the (001)-oriented BaTiO,
crystal.

Room-temperature strain values (unipolar) as high as 1%
were quite surprising, considering that a total 1.07% strain is
involved with the full spontaneous ferroelectric strain
(c/a—1) of BaTiO; crystals at room temperature. This ultra-
high unipolar strain behavior, although unusable for practical
actuation, indicates that crystal depoling involved almost full
90° domain switching rather than 180° switching upon the
removal of the E field. Although still not completely clear, it
is suspected that the very small amount of compressive force
under the probe of the LVDT (see the experimental proce-
dure) might cause this depoling behavior. The single-domain
state of the tetragonal crystals. reflected by nonhysteretic
strain versus E-field behavior, could be achieved at E fields
>~10 kV/cm at room temperature as shown in Fig. 5, with
d33~ 128 pC/N values determined at 20 kV/cm.

The hysteresis (E<10kV/cm) found in the orthorhom-
bic crystal (0 and —70°C in Fig. 5) was also ascribed to
domain instability. In contrast, the engineered domain state
of rhombohedral crystals (—100 °C) was found to be stable,
as can be seen in Fig. 5, retaining macrosymmetry 4mm over
the full range (unipolar) of the E field. Note that relaxor-
based single crystals with a stable engineered domain state
were also rhombohedral. Although further study is required
to clarify the relationship between the crystal structure and
the engineered domain state. it is suggested that lattice sym-
metry determines the (in)stability of the domain configura-
tion. Rhombic lattice distorion might be critical to stabilize
the engineered domain state in (001)-poled ferroelectric crys-
tals. However, depoling affected by the weak uniaxial stress
described above may also be noted. Only in the (001)-poled
rhombohedral crystals is the domain configuration unaf-
fected by uniaxial stress along (001).

Nonhysteretic regions of the strain versus E-field (E
>10kV/cm) curves are presented in Fig. 6. Apparent ds3’s
calculated from such nonhysteretic regions of the strain ver-
sus E-field curves are plotted in Fig. 7. The d3; values in Fig.
7 confirm those (Fig. 3) obtained from the IEEE standard
technique under bias (6 kV/cm).

According to Devonshire,” d13 values of single-domain
BaTiO; crystals under weak field or stress can be calculated
using the following equations:

d33=2€,011733P5,
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FIG. 6. Nonhysteretic portion of strain vs E-field curves (unipolar) for the
{001)-oriented BaTiO; crystal.

where P;=P; (spontaneous polarization),
for tetragonal crystals, 2)

d3=26,(Qn it Qumn)P;,

where P;=P,/v2, for orthorhombic crystals,
3)

d3=2€,(Qumit2Qum2) P,

where P3=P,/v3, for rhombohedral crystals,

)
where €, is the permittivity of free space, Q;; the electros-
trictive coefficients, and 7;; the dielectric susceptibility. For
crystallographicaily engineered orthorhombic and rhombo-
hedral crystals with engineered multidomain states, however,
the lartice symmetry is expected to change under higher
(001) E field. For instance, orthorhombic and rhombohedral
lattices strained by the (001) E field lack two-fold and three-
fold symmetry, respectively. Microscopically, this results in
pseudomonoclinic symmetry with P?#P3%, and Pi=p3
# P2 for orthorhombic and rhombohedral crystals, respec-
tively. For the engineered domain state under the (001) E
field, therefore, Eqgs. (3) and (4) are rewritten as

600
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FIG. 7. dy; of the (001)-oriented BaTiO; crystal. caiculated from the siope
of strain vs E-field curves in Fig. 6 (dashed lines: calculated values for

single-domain BaTiO; crystals).
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d33=2€,(QuniP3+C1nnP1)
for orthorhombic crystals, 5)
d33=2¢€,(Qn 7711P3+2Q1_27712P1),
for rhombohedral crystals. 6)

Although crystallographically engineered BaTiO; crys-
tals consist of an engineered multidomain state, d33 based on
Egs. (5) and (6) could not be calculated due to the lack of
experimental data. The authors’ efforts to obtain experimen-
tal data for the engineered domain state are ongoing. In this
work instead, the ds; values calculated for single-domain
BaTiO; crystals under weak field are plotted on Fig. 7
(dashed line). The measured d;; values [see specifically the
orthorhombic (mm2) range] fit well to the theoretical values
for single-domain crystals derived in this way, suggesting
that P3/P, is not large at the field levels used in this work,
and/or may be compensated by changes in 7;;. Although
further research is required, it may be suggested that intrinsic
effects are the major contribution to large piezoelectric coef-
ficients and subsequent shape changes of BaTiO; crystals, on
the basis of the curve fit in Fig. 7.

IV. CONCLUSION

BaTiO; single crystals are promising candidates for
high-performance nonlead piezoelectrics at low tempera-
tures. Crystallographic engineering, by polarizing crystals
under dc bias toward the nonpolar (001) direction, resulted in
orthorhombic and rhombohedral crystals with macroscopic
symmetry 4mm. Piezoelectric properties with an electrome-
chanical coupling coefficient (k33)~85% and piezoelectric
coefficient (ds3)~ 500pC/N, better or comparable to those
of PZTs were obtained from orthorhombic crystals at 0°C.
At —90°C, rhombohedral BaTiO; crystals with k33~79%
and ds3~ 400 pC/N were found to be superior to PZTs at the
same temperature. The stability of the engineered domain
state in BaTiO; crystals was dependent upon the crystal
structure. Although possessing the same macroscopic sym-
metry 4mm, rhombohedral (3m) crystals (—100°C) exhib-
ited a stable domain configuration whereas the adjacent
orthorhombic state (—70 °C) was depoled. A possible role of
weak uniaxial stress in the depoling must be further exam-
ined. The intrinsic piezoelectric response could explain most
of the measured values.

Orthorhombic or rhombohedral BaTiO;, stabilized by
proper dopants such as zirconium, are expected to be a high-
performance nonlead piezoelectric in single-crystal or epitax-
ial form at room temperature.
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Abstract

The dielectric and piezoelectric constants of single crvstal barium titanate have been theoretically calculated and
experimentally measured for different cutting orientation directions. The dielectric constant rapidly increases as the cutting
direction deviates away trom the unique spontaneous polarization direction [001]. The effective piezoelectric strain constant
d;; exhibits the same trend in the range trom 0° to 50° away from the polarization direction and has the maximum value
more than 3.5 times larger than its value along the polarization direction. The electromechanical coupling factor ks is also
enhanced by choosing a cutting direction canted away from the polarization direction. £ 1999 Elsevier Science B.V. All

rights reserved.

PACS: 77.22 - d: 77.34 = S: 77.84 Dy

Keywords: Barium titanate: BaTiO;: Single crystal: Orientation dependence: Piezoelectric: Dielectric properties

1. Introduction

In our previous papers, the orientation depen-
dence of piezoelectric and dielectric properties for
lead zirconate titanate (PZT) has been theoretically
studied [1,2]. It was found that for tetragonal PZT,
the effective piezoelectric constant d;; and elec-
tromechanical coupling factor k;; have the maxi-

mum values along the spontaneous polarization;.

however, for rhombohedral PZT. the maximum val-
ues of d;; and &;; are not along the polarization. but
in a direction canted from 50° to 60° away from the

* Corresponding author
" E-mail: kenjiuchino@psu.cdu.

polarization direction. For both rhombohedral and
tetragonal PZT, the dielectric constant monotonously
increases as the cut-angle from the spontaneous
polarization direction increases [1,2].

In this paper, we investigated theoretically and
experimentally the crystal orientation dependence of
the piezoelectric properties of single crystal barium
titanate (BT). Due to its large dielectric constants.
barium titanate ceramics and crystals are best op-
tional materials for capacitors and barium titanate
thin films are highly potential for applications in
dynamic random access memory devices [3]. How-
ever. the utilization of its piezoelectric properties has
been limited because of its relatively small piezo-
electric constant along its spontaneous polarization

00167-577X/99/8S - see front matter © 1999 Elsevier Science B.V. All rights reserved:

PIL: S0167-577X(99)00056-7
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direction [001]. Nevertheless. our recent study shows
that single crystal barium titanate has an effective
piezoelectric constant d; as large as 250 (pC/N).
which is comparable to that of PZT, if the electrical
driving direction is canted about 50° away from the
spontaneous polarization direction [001]. These re-
sults indicate that BT may be a good substitution for
PZT in some application fields where lead-contain-
ing materials are undesirable.

2. Theoretical calculation

In our theoretical calculations, the elastic, dielec-
tric, and piezoelectric constant values we used have
previously been published [4]. For an arbitrary cut-
ting orientation, the comesponding values of these
constants can be obtained by performing tensor cal-
culations [5.6). The details of the calculations have
been described in Ref. [1]. The calculated results are
shown in Figs. 1(a) and 2(a). In these figures, the
absolute values of d;; and k;; along an arbitrary
direction are represented by the distance from the
origin to the surface of the graph along that direc-
tion. The cross sections are also shown in Figs. 1(b)
and 2(b). From these figures. we can see that the
maximum values of d;; and k;; can be obtained in
the directions canted 52° and 47°, respectively, away
from the polarization direction. The d;; and kg
values are enhanced along the cubic perovskite [111]
direction. The d;; of 250 (pC/N) for this canted
angle is about 3.5 times larger than the dj; along the
polarization direction. It is interesting that the orien-
tation dependence of dy and k;; in BT is very
different from the situation for tetragonal PZT that
always exhibits maximum values of d;; and &;;
along the spontaneous polarization direction [001].
The main reason for this is the very large d,5 of BT.

3. Experiment

For convenience, d;,(6) is used to denote the
value of the effective d, along a direction canted an
angle 6 away from the spontaneous polarization
direction [001]. For example. d5,(0) means the value
of d;; along [001], and d.:(45) means the value of
effective d,, along the direction canted 45° away

(010} e [100]

[001]
Max d:; = 250(“DC/N)

[100]

| ®)
Fig. 1. (a) Effective piezoelectric constants ds; of a single crystal
barjum titanate. (b) The cross-section curve when the figure in (2)
is cut by the (010) plane.

from [001]. This notation is also used for the other
property coefficients, such as dielectric constants and
electromechanical coupling factors.

Barium titanate single crystals were first poled
along the perovskite [001] direction. The following
two methods were used to observe the orientation
dependence of dj,: (i) the conventional resonance
method for a length-extensional bar [7], and (ii)
ds;-meter to quickly check the orientation depen-
dence of d,;. Method 2 is an easy way 1o observe
the diswribution of d;;,(6) with respect to angle 6:
1.e., the normalized value ds;(6)/d;,(0) with respect
o8

3.1. Method 1

A poled single crystal of BT was cut into four
small bars along the directions canted 0°, 45°, 50°
and 60° from the [001] direction, respectively. Afier
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[010] (100]

[001]
% Max ‘.(]; =0.63

(100}

(b)

Fig. 2. (a} Effective elecromechanical coupling factor k3 of a
single crystal barium ttanate. (b} The cross-section curve when
the figure in (a) is cut by the (010) plane.

the samples were polished and electrodes formed by
sputtering, resonance and anti-resonance frequencies
were determined with an impedance analyzer
(HP4194A). From these measurements, d;,(6),
ky5(6), and s,;(8) were determined, using the ap-
proach described in the IEEE standards [7]. A plate
normal to each direction was also cut for determin-
ing the dielectric constant in the respective orienta-
tion. The results are shown in Table 1. The values of
&53. k33, and dy;(8)/d;;(0) are also plotted in Figs.
3-3 for comparison. The value of d5,(0) in Table 1
is lower than the published data (Schaefer et al.) [4].
This was due to the depoling of the sample during
the orientation and cutting process. It was not conve-
nient to pole the samples after they were cut along
directions which were canted away from [001]. After
finishing the above measurements, the sample at 0°
was poled again. The d;,(0) and k4,(0) recovered

Table 1

Constants dqy. k5. £3;. and s, in different directions
Constants 0° 43° 50° 60°

d; (pC/N) 14.69° 35.72 129.44 95.4
ks 0.2 0.264 0.33 0.246
£33 103 1795 2873 2263

532 (X107%/Gpa)  17.56 6.63 5.94 7.47

*Values on fully poled sample of BT as reported in Ref. (4] are:
dyy = 68.5(pC/N), £5; =130, and s;, = 14.95 (X 10~? /Gpa).

their original values 75.58 pC/N and 0.6, respec-
tively. In spite of the depoling of sample. d;(50) is
still much larger than the d;;(0) that was measured
by Schaefer et al.

3.2. Method 2

Fig. 6 illustrates the simple approach for those
measurements. A poled crystal of BT was polished
in a cylindrical shape with its axis perpendicular to
[001]. A dial, marked in angular degrees, was at-
tached to one end of this cylinder. The test probes of
a d,;-meter were placed at an appropriate place on
the cylinder to measure the d,, values. The cylinder

5000 —

U S PO T I

4000

3000

2000

1000

13
LANLANLINS [N AN B U S M B B B S At At St St Wt e

K

W

caar acbacs g bl b g

2C o] 60 80

8

Fig. 3. Dielectric constants of a single crystal barium titanate for
different cutting angles. The solid line is obtained by calculations
using the data from Schaefer et al. [4].
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Fig. 4. Effective electromechanical coupling factor &3, of a single
crystal barium titanate for differsnt cunting angles.

was rotated when d;,(6) was measured for each 6
angle (which could be read from the dial). The

8 : ot
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77 e Method 1 =
; A Method 2 -
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-~ 5r -
(] 1
- b -
° - -
~ iy =
= 4 1 A ® -
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Fig. 5. Normalized piezoelectric constant d:(8)/d;,(0) of a
single crystal barium tinate for different cumting angles. The
solid line is obtained by calculations using the data from Schaefer
et al. [4).

(=]

probes of the d33 meter

Fig. 6. Hlustration of Method 2. showing the position of the
probes.

normalized values of d.;(8)/d::(0) are plotted as
shown in Fig. 3. :

4. Discussions and conclusions

Fig. 3 shows that the dielectric constant has its
minimum value along the polarization direction and
rapidly increases as the cuning angle from the spon-
taneous polarization direction increases. For effective
ds;. theoretical and experimental results show that
more than a 3.5 times enhancement can be obtained
by choosing a cutting direction canted about 50°
from the spontaneous polarization direction [001], as
shown in Fig. 5. In this direction, k. is also substan-
tially improved (Fig. 4).

These results imply that the piezoelectric proper-
ties can be greatly enhanced by adopting the [111]
orientation for barium titanate single crystals or thin
films. The [111}-oriented BT has a large dy; which
is comparable with that of PZT. This provides an-
other option for actuator and transducer applications,
especially for applications where non-lead containing
materials are desirable.
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Linear Electro-optic Effect of 0.88Pb(Zn13Nb23)03—0.12PbTiOs Single Crystal
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The linear electro-optic (E-O) coefficients of poled 0.88Pb(Zn,

i

+Nb=,3)0+—0.12PbTiO; single crystal were characterized

using an automated scanning Mach-Zehnder interferometer and the senarrnont compensator method at room rzmperature. They

wer= obtained at a wavelength of 6328 am: ryy =
and the refractive indices: n, = 257 and no =

134 pmvV, ri2 = TomfV, ra = $62pm/V. and re = 131 2m/V respectively
2.46. The large rs; coefficient compared with ry; is cused by the high

dielectric constant at perpendicular 1o the polar-axis compared with the dielectric constant along the c-2xis. Comparison with
the quadradc E-O coefficients measured at near and above the Curie temperature suggests that the valuss of the quadratic

E-O coefficients measured earier may

development of an automated scamming Mach-Zehnder interferometer.

intensity Auctuation and drafting in the optical path len

KSYWORDS: farroslectric. electro-cptic, refractive indax, interteromerer

1. Introduction

Ferroelectic crystals. suca as LiNbO; and KH:PO.
(KDP). are widely used in elecoo-opdc (E-O) devicas such
as slecro-optic modularars. slecwo-optic switches. and light
vaives.t-2) More recendy. thers is an increased interest in
the relaxor ferroelectic crys@ Pb(Zay 3Nba/3)0:=PbTiO;
(PZN-PT). which over a broad zomposition range possesses
a verv high elecromechanicai coupiing factor. piezoeiecTic
oeffcients, and field inducsd sTain response.”™" A unique-
ness of this crvstal system is tat reiatvely high quality sin-
gia crvstals can be grown at compositons near the teragonai-
rhombonedral morphowopic paase boundary (MPB). Itis well
imown that many of the material responses exhibit increased
acdviry near a MPB.*? In this paper. we report the result of
tha iinear E-O coefficients in 0.88PZN-0.12PT single crystal.
which is near the MPB on the tsagonal side.”

The E-O effect describes te change of refractive index
An;; due to the applied field:

2

<
-

=l

3
i B + Z Riju EcE

k=t

1 3
ang = -"i,’"ij
3

1
where r;j. and Riju are linear and quadradic E-O coefficients,
respectively. The quadradc coefficients for PZN-PT crys-
wals at temperatures gear and above the dielectric constant
maximum have been characterized eariier. and in this pa-
per all three non-zero linear E-O coefficients (r33 = 7333.
r.3 = rys, and rg = ry) were measured for 0.88PZN-
0.12PT in the ferroelectric tewagonal phase (room tempera-
cure). 19 The comparison of the two results, indicates that the
soefficients measured at the high temperature phase may be
affected by the relaxor ferroelecic nature of the PZN-PT
svstern. and will be discussed in the paper. In addidon. we
will also report briefly a modified interferometric method for
the characterizatdion of these coefficients, which is based on
_ the dynamic scanning concept

4

“To whom correspondence should be addressed. E-mail: qxz1 @psu.cdu

1=1

be smaller than the intrinsic ones dus to the influence of micro-poiar regions. The
which is less susceptibie to the errors =msed by the laser

gthinth:syst:m.isa.isodescribed.

2. Experimental
2.7  0.88PZN-0.12PT single crvswal and related E-O coeffi-
cients

The 0.88PZN-0.12PT crysti used in this study was grown
using the high temperanure fiux zathod ™41 Itis known that
0.38PZN-0.12PT has 2 taragenal structure at room emper-
arurs and that the spomumneous polarization is along {001;
(c-axis) direction.™™ The singis zrvstal sample was oriented
aicng the (001) direction using 2 Laue camera. then the (100}
facas were polished to opticai guaiity. The sample was poled
at 2 temperatre of 230°C. wiaich is much higher than the
paraeisctic to ferroelectic paase ransition temperarure. with
an siecmic field of 5 kV/em for 20 min. Then. the sample was
slowiy cooled down to room :2mperature under the electric
feld. It was found that poling x room temperarure resulted in
fracmures in the sample since 2 domain switch induces very
large stain. expansion along @2 poling direction. The dimen-
sion of the sample is 1.85 x 3.35 x 4.83 mm’ and the poling
fieid was applied across the 3.33 mm thickness.

For the tetragonal symmerr. Mere are thres non-zero E-O
coetficients. i.2., r3, M3, ané ~5. In this swudy, ri3 and riz
wers measured using a interferomerric method. where the ap-
piied field Ej; is along the c-axis and the light passes through
the sample along the (100) axis ig-axis),

—.':‘:r_z:,Es/Z

Ang = -!;’I:‘..':,_;E:,/Z

(Ca

(¢4}

An.

where n, and n, denote the reacive index perpendicular and
parallet to the c-axis, respectivaiy. In the r33 measurement. the
polarization direction of the laser beam is along the c-axis and
in measuring ry3, the polarizadgen direction is perpendicular to
the c-axis.

For the PZN-PT crystl studied. the £ field will also in--
duce a change in the sample ickness along the path of the
laser beam due to the piezoelecTic effect,!

Al =danEsly

where [, is the thickness of te crystal along the beam path
and dj; is the piezoelectic ceefficient. Hence, the total mea-
sured optical path length change in the interferometric method
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isAn; -y +(m: = 1) - AlL :

The E-O coefficient rs; (A(1/n},) = A(1/n3) = raE1)
was measured by the Senarmont compensator method, where
the applied field E; is along the (010) axis perpendicular to
both the c-axis and the light propagation direction.'” The po-
larization direction of the laser beam is canted 45° with re-
spect to the c-axis. [n the r5; measurement, there is no cor-
rection dre to the piezoelectric effect.

Using the Senarmont compeasator methed, the E-O coef-
ficient r., which is defined as 7. = r — n3ry3/nd and de-
termines the haif-wave voltage of the material, was also mea-
smﬂ.l‘) : .

22 Operation principle of scanning Mach-Zehnder inter-
ferometer for E-O coefficient measurement

Shown ir Fig. 1 is a typical Mach-Zehnder interferome-
ter 19 The interference pattem at the detection point depends
on the opdc path length difference (¢ = 2 (nriz — nsls)/A>
where 2 and [ are the refractive indices and the path lengths
respectively, R and S in subscript expresses the reference and
signal arms, respectively) between the signal and referencs
beams,

I =10+ +2/I1rcos(d)
1 1
= S (max + Juin) + 5 (faz = faia) COS(®)  (3)

where Iz = (VT; +VR)? 20d loin = (VI =V T2)* are the
maximuom and minimum intepsides of interference fringes.
respectively, and [; and [ are the light intensities of signal
beam and reference beam, respectvely. From eq. (3), one
can find thar when & has a small change (A ) around ¢ =
(m+1/Dx,m=0,%l1,...,cos(Pg+AP) = =4, and
the = signs depend on the value of m, and

Hence, by stabilizing the system at ®o (working point), the
change of interference intensity will depead linearly on the
change of the optic path length. When this change is mea-
sured by a photo-detector, eq. (4) can be coaverted into the
voltage form as:

Voat Vout
AD = = .
Vo = Va2~ Vool ®
Incident laser beam
Reference beam
>~ Mirror
BSa
v - v
ﬂ BSB L
Miror U I
Sample 2
Interference
fringe

e |. Schemarc drawing of a typical Mach-Zehnder interferometer.

Y.Lueral

Where Voo corresponds 0 Al, Viuur and Viig correspond t
Ipax and Iy respectively and A® = 2 A(nl)/M For E-O
ar piezoelectric coefficient measurement under an ac electric
fieid of frequency ( fo), a lock-in amplifier can be used to mea-
SUre Vo Which yields a high sensitvity of the system in re-
solving the change in Ad.

However, in developing a computer controiled experimen-
tal set-up to measure the change in the optic path length (and
hence A®), we found that the approach of stabilizing the sys-
tem near the working point (by using a feedback loop to con-
ol the path length of the reference arm) is not convemient
The change in the incidenr light intensity and other factors
such as air turbulence in the system and the variation of the
Tght absarption in the sample due to thermal and electric fleld -
can canse shift in the working pain light intensity.'® As are-
suit, the stabilized experimental point will be no longer at Po.
Further more, those changes will aiso resuit in changes in Jmax -
and [, causing errors in the experimental results on A(nl).,

If instead of stabilizing the system at any specific point, an
optc transiation stage is used to drive a slow change in the
path length [y of the reference arm. ¢ will be changed con-
tnmuously. As a resuit, the interference intensity will change
with tme. from which [g.x and [, can be measured readily.
If an AC electric field with a frequency f; is applied to 2 sam-
ple which causes a small change (much smailer than the wave
length) in the optic path length in the signal arm. the change
in the phase ® will be ®rr + A®. The resuiting signal will
be:

1 1 :
= 3 (Imax + Imin) + 5 (Jmax = lain) COS(Pres + AD) (6)

wilere ®r describes the drifting in the phase ~2used by the
opdc parh length change of the reference arm and also in the
signal arm due to slow drifting, and A& is the phase change
caused by the sample due to the applied AC electric field.
Since A @ is very small, one can g=t

1 1
I= (-2-(1,,,,x + Inin) + 5 (Izax = i) €OS ¢r=f>

1
- (E(Iw - [mm)Sin¢:=f) ad. )

Therefore, when $pr = (m + 1/2), eq. (7) is reduced to
eq. (4). When $¢ = miT, the second term on the right hand
side of the equation is zero and the first term yields /max and
Inia. Thus, Vj,/2 can be obmined. Hence, in one scanning
peziod of the reference beam., all the quantities in eq. (5) can
be det=rmined and yieid A®. Clearly, even if vow, Vmax and
Viain may vary due to various noise sources, the correspond-
ing vadation in A® which is the ratio between them [eq. (5)]
will be much smailer. This has beena verified experimentally.
In addition, the data accuracy can be improved further by av-
eraging A < thus obtained over long dme period.

Based on these considerations. a Mach-Zehnder interfer--
ometer with the reference arm scanped was developed to mea--
sure E-O or piezoelectric coefficients (as schematicaily shown:
in Fig. 2). In this scanning Mach-Zehnder interferometer,.
the reference mirror is driven by a servo-transducer made of
piezoelecmic matedal. In experiments for E-O or piezoelec-
ric measurement, f, typically rans from 100 Hz to 100 kiiz,
and the corresponding scan frequency may be varied from:
0.003 Hz to 3 Hz to satsfy the condition that the scanning fre-;
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Polarized Laser Servo-Transducer
Ref. Mirror
BSA
Sample
y A 0n
\J V] BSs
Miror  Lens l/f Lens
> Lens
= Photo-
Voltag Lifi
oltage Ampiier E:'-'-ldm:t-.z:tor
'.
’ SRS30
Computer | Lock.in
Fig. 2 Schematic drawing of the semp of the automared scanning

\iaca-Z=ander interferometer developed for E-O measuremest.

quency is much lower than the signal frequency. Both the AC
and DC components of the photo-detector output are Tapsmit-
ted to a digital lock-in ampiifier (SRS SR830). A computer
is used to control the system and acquire the data from the
SRS30 through a GPIB cable. The system can be conwrolled
2asilv by the computer over along time period. The computer
software was programmed using LabView 4.1.

3. Experiment Results and Discussion

3.] Experimemtal results

For the 0.88PZN-0.12PT singie crystml used in this experi-
meat. no data of the refractive index at room temperamre were
available. Hence, the first step is to measure these indices. Al-
though the refractive index can be measured by the minimum
deviarion method, the sample nesds to be made into a wedge
shape. 19 In order to measure the E-O coefficients. the sam-
ple has to be reshaped to 2 recangular parailelepiped. Be-
cause of the reiatively small size sample. instead. Brewster’s
angle method was used in which only one reflecdon surface is
required.!+19 Hence the sample used in the refractive index
measurement can also be used directly in E-O measurement.

Brewster's angle (fg) is the incident angle at which the re-
flection intensity is zero for polarized light with the polariza-
ton direction parallel to the incident plane. The reladonship
betwes=q the refractive index and &g is: n = tan ¢g. By chang-
ing the orieatation of the cryswl with respect © the linearly
polarized incident laser beam. both n, and 2. can be deter-
mined. The obtained 8g for the PZN-PT crystal are 68.75°
and 67.84°, yielding n, = 2.57=0.01 and ne = 246 =0.01
at 632.8 nm wavelength for the sample at room temperamre.

To facilitate the discussion. apparent E-O coefficients ry;
and rj; are introduced here t© denote the coefficients obtained
directly from A® without the correcdon of the piezoelectric
erfect.
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Fig. 3. Apparent E-O coefficienss (75 and 7f3) measured at different fre-
quencies for 0.88PZN-0.12PT singie crystal at room temperanure.
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The apparent E-O coefficiears 75 and r5; are measured sep-
arateiv for the sample under a swess free condidon. For a
piezoelectic material. it is weil known that there are seri-
ous resonance frequencies at ¥aich the elecmic field induced
soain can no longer be descibed by the linear piezoelec-
mic equaton.'® This cerminiy imposes frequency windows
in which the E-O coefficient can be measured reliably. In ad-
dition. any mechanical resonance in the sample holding sys-
tem can also cause emor in @ measurement. [n this study,
the frequency window used is fom 200 Hz 0 40 kHz, well
below the first (lowest) resonznce frequency ( f7) which is at
several hundreds kHz. To ensure the weak field condition in
the measurement. the appiied Seid is about 13 V/cm which is
also well below the room temperature coercive feld of about
5kV/em.

The results for 5 and r} are shown in Fig. 3. In the fre-
quency range measured. there is no large change of the E-O
coefficients with frequency and the average values of 5 and
ri; are dd==1pm/V and 173=4pm/V, respectively. A mechan-
ical resonance due to the sample holding system was observed
ar frequencies above 40 kHz. which affects the data acquired
near 40 kHz.

To subtract the piezoelectic effect, the piezoelectric ds,
coefficient was measured using a single beam laser inter-
ferometer: dy = =210 = IOpmN. From r33 = r;3 +

2(n. — Dday/n® and ris = ry + 2(no — Ddu/n3, the E-
O coefficients r33 and 3 are cbwined: ry3 = 134 = 5pm/V
and ry3 = 7 = 2po/V at 632.3 nm wavelength for 0.88PZN-
0.12PT at room temperamre.

One of the concems in the single crystal PZN-PT is the im-
perfect poling which resuits in residual domains in the sam-

ple. This will affect the measured E-O coefficients. In order -

to check this, the E-O coefficients under high DC bias field
were measured. In the experiment. an oil chamber was built
so that the sample can be immersed in an insulaton oil which
prevents elecrric breakdown through air when the sample is
subject to a high DC voltage. Shown in Fig. + are the appar-
ent E-O coefficients 77 and rj; measured at 1kHz as a func-
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Fig. 4. The E-O coefficients as a function of the DC electric bias field for
0.88PZN-0.12PT single crystal at room temperature.
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tion of a DC bias field which is appiied paralle! to the original
poling direction up to 15kV/cm, much higher than the room
temperature coercive field. Apparendy, the measured coeffi-
cients do not show much change with a DC bias field (except
a small decrease which is expected) and as the bias field is
" reduced to zero, the E-O coefficients remm to their original
values. The results indicate that the sample used in this study
was properly poled-

The rs; coefficient measured by the senarmont compen-
sator method is r5; = 462 pm/V which is much larger than
ri; and in the frequency range measured. (below 40 kHz), rs1
does not show much change with frequency.

Using the senarmont compensator method, the E-O coef-
ficient 7. was also characterized The coefficient measured
direct from the experiment data is the apparent coefficient 7

which is

3 2
ny , 2(ne = n,)
r:=r3'3 —n—zf;3=fc—."——n‘_;—'d3l- (8)

e e

Because the difference between n. and n, is very small, the
piezoelectric effect [the second term on the right hand side
of eq. (8)] has much less effect on . compared with ri3 and
ri3. The measured value of r{ for the sample under stress
free conditon used above is 128 pm/V. The corresponding
coefficient after the correction of the piezoelectric effect is
re = 131 pm/V. '

From measured values of n., 7, 713 and 733, the E-O coef-
ficient r. can also be deduced from re = r33 —n3ri3/ni. From
the measured results of 7., 7o, rf3 and rj;, the calculated rZ is
124 pm/V, which is very close to 128 pm/V measured directly
using the Senarmont compensator method.

A qualitative aging experiment was also performed on the
E-O coefficients and it was found that even the poled sam-
ple was used for various other measurements, the E-O coef-
ficients were nearly the same when measured after 3 months.
Therefore the optical coefficients reported here are the stable
material properties of 0.88PZN-0.12PT single crystal.

3.2 Discussion v

At this point, it is interesting to compare the results ob-
tained here with those reported earlier. For example, the
quadrati¢ E-O coefficients gi1 — g12 and gu4 were measured
by Nomura er al. [Ani; = ~(1/2n%; T ju 8ijut P Pi, where
P, is the polarization component along the k-direction] !
Since in ferroelectric single crystls, the linear E-O effect can
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be regarded as a polarization biased quadratic E-O effect, 7.
the relationships between the linear E-O coefficients and the
quadratic E-O coefficients are:

rs53 — r13 = 2K3360Ps(g11 — §12) (9a)

rsi = K\160P.gu (9b)

where gi1 = guil, §1z = gum, and ga = 2g2373, K3
and K, are the dielectric constant along the c-axis and
a-axis, respectively, Ps is the spontaneous polarization, and
g0 = 8.85 x 1012 F/m is the vacuum permittivity.

For the crystal investigated here, ar room temperature
the dielectric constant was measured to be: K33 = 710
and Ky; = 7630. From the data of ref. 10, g1 = 812 =
0.013m*/C? and gas = 0.009m*/C>. Hence, the ratio of
(r3 — ri3)rs: is equal to 2K33(gy — g12)/K11gas = 0.269
using the dielectric constant measured here and the g coeffi-
cients of ref. 10. Using the value of the r coefficients mea-
sured here yields the ratio of (r3 - r;;)!rsl = 0.275. The
agreement between the values obtained using two sets of data
is surprisingly good.

The results from the two sets of data can also be compared
directly if the spontaneous polarization P is known. From the
room temperature polarization hysteresis loop, P is extrapo-
lated: P, = 40 uC/cm®. Substrutng P; and other data to the
rght hand sides of eq. (9) vields r3 — ri3 = 63.3pm/V and
rs; = 243 pm/V. The resuits show thar the linear E-O coeffi-
cients deduced from the quadradc E-O coefficients measured
at temperatures near and above the dielectric constant max-
imum are about half of the valuas of the corresponding co-
afficients measured directly at poied samples (127 pm/V and
462 pm/V, respectively). In other words. either P; and/or the
2 coefficients used in eq. (9) are smaller than the intrinsic val-
ues. Although one cannort rule out that the intrinsic P value
for the crystal studied may be higher than 40 pCl/cm?, the dif-
ference will not be large enough to account for the discrep-
ancy observed here.

In studies of the relaxor ferroelectric Pb(Mg)/3Nb2/3)03—
PbTiO; system, it was found that the electrostrictive coeffi-
cients measured at near and above the dielectric constant max-
imum are much smaller than the intrinsic values.'$! This is
caused by the fact that in a relaxor ferroelectric system, the re-
sponse of the local polar regions under external elecfric field
includes the orientation of the polar regions and the motion
of the interface between the non-polar area and the polar re-
gion.*? All these responses contribute to the polarization, but
do not totally contribute to the strain responses.'? PZN-PT is
also a typical relaxor ferroelectric system when the PT con-
tent is less than 10% and the evolution from a relaxor ferro-
electric to a normal ferroelectric is a gradual process covering
a broad composition range.*>" For the composition studied
bere, it is stll quite close to the MPB and hence will pos-
sesses many features resembling a relaxor ferroelectric. For
example, if there is a 180° local polar region reorientation. it
will not cause a large change in the quadratic E-O coefficient
in spite of the fact that there is a large polarization change. On
the other hand, this response will influence g,; — g;2 and gy,
in a similar way which will not affect the ratio between them
as observed here. (The ratio of (r53 — r13)/rs, measured here
is the same as the ratio of 2K33(gu1 — 812)/ K144 deduced
from the g-coefficients). Thus, the observed discrepancy be-
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Table L mmnmmwo.asm—o.lmmgxem

Ro =2 257, ny =246, ry3 = 134pm/V, riy = Tpm/V, re = 131 pmvV, rg; = 462 pm/V (all measured it 633 am wavelength

day = =210pm/Y, K3 = 10, Kyy = 7630, P, = 40 pClem®

cween the measured linear E-O coefficients and the calculared
ones from the quadratic E-O coefficients is reasonable. Thar
is. when the measurement is performed at near the dielectric
constnt maximum where there is a szong conmibudon of the
polarizadion responses from the local polar regions. the re-
sponse of the local polar regions in relaxor systems will make
the measured quadratic E-O coefficients deviating from their
inmrinsic values. By applying a high external field to remove
this mesoscopic polarizaion inhomogeneity in the material,
one may be able to obtain the intrinsic coefficients as observed
in PMN-PT system.'>>

In Table I, the matedal properties characterized in this
study are surnmarized.

4. Summary and Acknowledgement

Using the newly developed automated scanning Mach-
Zannder interferometer and the Senarmont compensator
method. the linear E-O coefficents of 0.88PZN-0.12PT
single crystal were measured at room temperarure. It is
Zound that the coefficients measured using the interferomerer
merhod and the Senarmont compensator method are in excel-
leat accord. [t is also found that the rado of (rs3 — r13)/7s1
qeasured here is also in very good accord with that deducsd
#rom the quadratic E-O coetficients measured eariier. How-
sver. in comparing the absolute values of the linear E-O coet-
dcients measured here with that deduced from the quadradc
E-O coefficients. it was found that the quadradc coeficieats
measured earlier at temperatures near the dielecuic constant
maximum may be substangaily smailer than the inerinsic val-
ues of these coefficients due to the existence of mesoscopic
polar regions and their differeat contributions to the polariza-

tion response and E-O response.
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The effect of high-energy electron irradiation on structural and polarization properties of 50/50
mol % copolymer of poly(vinylidene fluoride-trifluoroethylene) was investigated for both
mechanically stretched and unstretched films. Although stretching can significantly enhance the
polarization and dielectric responses in unirradiated films, it was observed that this enhancement
was not significant in irradiated films. In addition, the polarization in both types of films after
irradiation can be described quite well by a logarithmic mixing law of composites, which consist of
crystallites embedded in an amorphous matrix with nearly the same fitting parameters. On the other
hand, the enhancement of the mechanical properties from stretching persists after the irradiation,
and the elastic modulus along the stretching direction remains high after irradiation in comparison
with unstretched films. It was found that the dielectric dispersion in both types of films after
irradiation fits well to the Vogel—Fulcher law. It was also observed that the crystallinity decreases
and the crosslinking coefficient increases continuously with dose. However, there was no direct one
to one type relationship between the crystallinity and the crosslinking coefficient. Although

stretching can reduce the rate of crosslinking, the reduction of crystallinity with dose for stretched
and unstretched films does not show a marked difference. © 2000 American Institute of Physics.

[S0021-8979(00)08501-7]

1. INTRODUCTION

Since the discovery of ferroelectricity in the vinylidene
fluoride-trifiuoroethylene copolymers P(VDF-TIFE), exten-
sive research has been carried out to understand the ferro-
electric behavior, to enhance the electromechanical proper-
ties, and to establish structure-property relationship."4 It is
well known that the electromechanical properties are highly
dependent upon the structural parameters such as molecular
orientation. crystallinity, and the state of polarization.“‘6
Various methods such as high temperature annealing.7
stretching, and high electric field pol‘mgg']o have been em-
ployed to introduce high degree of crystallinity and perfect
alignment of dipoles in polymer films.

We have shown recently that under proper electron irra-
diation treatment, P(VDF-TrFE) copolymers can exhibit
massive electrostrictive strain with high elastic energy
density.'"? It was also observed that a piezoelectric state
can be induced in this copolymer under a dc electric bias
field with a piezoelectric constant approaching those of the
current piezoceramic materials.’? In addition, the irradiation
treatment was found to convert the polymer from a normal
ferroelectric to a relaxor ferroelectric exhibiting a broad di-
electric relaxation peak following Vogel-Fulcher law,™* as
observed in the inorganic ferroelectric relaxors like lead
magnesium niobate (PMN).‘S"6 These distinct features make
this material very attractive for a broad range of applications
such as transducers, actuators, and sensors, ¥ and also for

3Electronic mail: vxbS@psu.edu

0021-8979/2000/87(1)/452/10/$17.00

the fundamental study of ferroelectric systems with frozen-in
defects and frustrations.'®

It was observed that the electromechanical properties of
irradiated copolymers depend crucially on the processing
conditions both prior and during the irradiation. For ex-
ample, by mechanically stretching the copolymer films prior
to the irradiation. the electric field induced strain and elec-
tromechanical coupling coefficient can become much higher
along the stretching direction in comparison to the thickness
direction or unstretched films. Furthermore. the changes in
the phase transition properties with irradiation doses can also
be affected markedly by stretching.!® These findings raise the
questions of what are the structural reasons behind the ob-
served phenomena, and how the field induced strain and
other electromechanical properties can be improved further.

For the P(VDF-TIFE) copolymers, it is well known that
depending upon the molar content ratios of VDF (x) and
TrFE (1 —x) and on crystallization conditions, the copoly-
mer can crystallize into polar (8 phase) and nonpolar («
phase).19 The ferroelectric B phase consists of the polar
packing of zigzag chains, while the « phase is constructed
with an arrangement of antiparallel TGTG’ chains. For co-
polymers containing a VDF content of less than about 85%.
the ferroelectric-paraelectric (F—P) transition lies below their
melting temperature. At temperatures higher than the transi-
tion temperature (Curie temperature), the B phase is con-
verted into a paraelectric phase with a random mixture of
TG, TG', and TTTG conformations.

© 2000 American Institute of Physics
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The effect of high-energy radiation such as gamma rays
and electron beams on polymeric material has been inten-
sively studied over the past several decades. " Tt was
found that the 7 irradiation improves the piezoelectric reten-
tion characteristics in uniaxially stretched and poled PVDF
flms.> It was observed that under very specific electron ir-
-adiation conditions. the P(VDF-TrFE) copolymer undergoes
a solid phase transformation from the ferroelectric phase to a
structure similar to the paraelectric phase.>* Marked changes
in the dielectric and mechanical properties in irradiated co-
polymers were also observed.?>*% At high electron doses,
P(VDF-TrFE) loses all crystallinity and becomes an amor-
phous polymer.y' Although these studies provide useful re-
sults regarding changes in the crystalline phase and morphol-
ogy of the VDF based polymers, no attempt has been made
o investigate the changes in the ferroelectric response, and
i0 link the structural changes to the changes in functional
properties which are of most interest from both applied and
fundamental points of view.

In this article. we will examine the evolution in the
ferroelectric behavior of P(VDEF-TIFE) copolymer with irra-
diation, and link them to the chemical and morphological
changes in the copolymer due to irradiation. It is of great
interest to understand the structural reasons for the appear-
ance of relaxor ferroelectric behavior and directions for the
further improvement of electro-mechanical properties in the
irradiated copolymers. The composition chosen for this study
is P(VDF-TrFE). 50/50 mol % copolymer. It was shown that
among the compositions available to us and investigated ear-
lier (50/50, 65/33. and 70/30 mol %). it is the only composi-
tion that can be converted to the relaxor ferroelectric by 2.35
MeV energy electrons in poth stretched and unstretched
films. One of the objectives here is 10 investigate the differ-
ences between unstretched and stretched films in various
properties pertinent to the relaxor ferroelectric behavior and
electromechanical responses in irradiated films. In parallel
with the measurement of polarization hysteresis and dielec-
tric properties. wide angle x-ray diffraction. thermal property
measurement (differential scanning calorimeter, DSC data),
crosslinking coefficient, and elastic modulus were also used
to characterize the structural and morphological changes in

the irradiated copolymer.

IIl. EXPERIMENT

The P(VDF-TTFE) 50/50 mol % copolymer powder was
supplied by Solvay and Cie, Bruxelles. Belgium, and the
copolymer has a mean molecular weight of 200000. The
films were prepared by pressing the copolymer powder be-
tween aluminum foil at 215°C and then cooled down to
room temperature. either by quenching the sandwich in ice
water or by slow cooling. The stretched films were prepared
by uniaxially stretching the quenched films up to five times
of their initial length at 25°C. In order to improve the crys-
tallinity, the stretched films were annealed under the clamped
condition in a vacuum oven at 140 °C for 16 h. The electron
irradiation was carried out in a nitrogen atmosphere with

2.55 MeV electrons at 95 °C with different irradiation doses,
ranging from 40 to 100 Mrad. The film thickness ranged
from 25 to 30 um.

The samples used for dielectric constant and polarization
hysteresis measurement were sputtered with gold electrodes
on both surfaces. The polarization hysteresis loops were
measured using the Sawyer—Tower technique. An external
electric field was applied in the form of triangular waveform
with a frequency of 10 Hz and an amplitude of 160 MV/m.
The dielectric measurements were carried out using a dielec-
tric analyzer (TA instrument, Model No. 2870) in a fre-
quency range from 30 Hz to 100 kHz and in a temperature
interval of —60 to 120°C. The DSC measurements were
taken using a differential scanning calorimeter (TA instru-

“ment, Model No. 2010) at a scanning rate of 10 °C/min under

a nitrogen atmosphere. The x-ray patterns were taken at
room temperature (20°C) using a Scintag diffractrometer
(model PAD-V) with Ni filtered Cu K « radiation. The elastic
modulus of the films was measured along the film direction
(perpendicular to the film thickness) using a Dynamic Me-
chanical Analyzer (TA instruments, Model No. 2890) in a
temperature range from —60 to 90°C at 10 Hz frequency.

The measurement on the crosslinking factor was per-
formed by measuring the gel content of irradiated films using
the American standard test method (D2765-95) by placing
the samples inside a Soxhlet Extractor and extracting with
the methyl ethyl ketone at its boiling point for 12 h. After
measuring the gel content, these films were kept in dimethyl
foramide solution for ten days at room temperature in order
to reach their equilibrium degree of swelling. The average
molecular weight between crosslinks (M ). which is the rep-
resentative of the crosslinking density was calculated using
the following equations:

/
—paV193°

“(l- b))+ b2t x4z
where p, is the density of the polymer before swelling, V,is
the molar volume of solvent. x; is the polymer-solvent in-
teraction parameter, and ¢, is the volume fraction of the
polymer which is defined as

W1/p2
= T
Wi/p +Walpa
where W, and W, are the weights of the polymer and sol-

vent, and p; and p, are the densities of the polymer and
solvent, respectively. 7

)

M,

)

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

A. Polarization responses, X-ray, DSC, and
crosslinking coefficient measurements on irradiated

copolymers
1. Polarization responses

Figures 1(a) and 1(b) compare the polarization hysteresis
loops measured at room temperature. for unstretched and
stretched films. as a function of irradiation dose. As can be
seen, for unirradiated films, the polarization level of the
stretched film is much higher in comparison to the un-
stretched films although it will be shown later that there is
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FIG. 1. Change in the polarization hysteresis loops measured for (a) un-
stretched, and (b) stretched, P(VDF-TtFE) 50/50 mol % copolymer films,
unirradiated and irradiated at 95 °C with different doses. (¢) Varation of
polarization (P) induced under the 160 MV/m electric field [obtained from
(a) and (b)] with the irradiation dose.
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not a large difference in the crystallinity between the two
groups of samples. The result agrees with earlier studies and
it arise due to a higher degree of crystailine orientation in the
stretched films than in unstretched ones.28

After irradiation, the polarization hysteresis is reduced
markedly for both unstretched and stretched films. The
change of the field induced. polarization 2 under 160 MV/m
field as a function of dose is summarized in Fig. 1(c). For
irradiated films, it can be seen clearly that there is not a large
difference in the induced polarization level between the
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FIG. 2. X-ray diffraction pattern of (a) unstretched, and (b) stretched.
P(VDF-TrFE) 50/50 mol % copolymer films irradiated with different doses
at 95 °C.

stretched and unstretched ones after 40 Mrad irradiation.
This is in sharp contrast with the unirradiated films where the
stretched film exhibits a substantially higher polarization
compared with the unstretched one. These results show that
the enhancement of the polarization due to alignment of
crystallites induced by stretching is nearly eliminated as a
consequence of the irradiation. On the other hand, both
DMA data (Figs. 9 and 10) and electric field induced strain
data'® show that the irradiation does not change the chain
orientation markedly in stretched samples, at least in the
range of 40 and 60 Mrad doses. Therefore, the large reduc-
tion of the polarization in stretched films due to irradiation
suggests that the irradiation randomizes the crystallite orien-
tation in directions perpendicular to the chain stretching
direction.

2. X-ray results

Figures 2(a) and 2(b) present x-ray patterns of (200) and
(110) reflections obtained from unstretched and stretched
films irradiated under different doses. As expected, the unir-
radiated unstretched films exhibit two peaks at 4.72 and 4.59
A (26=18.79° and 19.28°). The peak at 4.72 A is from the
hexagonal packing of 3/1-helical chains generated by TG
and TG’ defects, which are due to the presence of domain
patterns and the second is due to similarly packed trans-
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FIG. 3. (a) X-ray scan from unirradiated, stretched P(VDF-TrFE) 50/50
mol % copolymer films used to illustrate the calculation of crystallinity. The
amorphous and crystalline regions were separated by firting the Lorentzian
function and are represented by shaded and nonshaded area respectively. (b)
Change in the crystallinity with the irradiation dose calculated from Xx-ray
[Figs. 2(a) and 2(b)] and DSC [Figs. 4(a) and 4(b)]. The symbols here are
the data points and lines are drawn to guide points.

planar chains.!®=° However, the stretched films show only
one broad peak ar 4.68 A spacing and therefore, it indicates
that the stretching not only eliminates the chain segments
containing 3/1 helical conformation. but also packs more
closely the chain segments that already are in the trans-
planar conformation.’® The similar effect can also be ob-
served by poling the unstretched films.*® The broadening of
the x-ray peak. in unirradiated films after stretching [Fig.
2(b)], suggests that in addition to reduction in the crystallite
sizes, stretching also induces additional domain boundaries
parallel to the polymer chains. This results in a reduction in
the size of the coherent x-ray diffraction region for the (200)
and (110) reflections.

After 40 Mrad of irradiation, only one peak is observed
at a lower angle for both the unstretched and stretched films
and thus clearly indicates the expansion of the lattice due to
the introduction of defects in the crystalline phase during the
irradiation. This is responsible for the observed change in the
polarization hysteresis from a typical normal ferroelectric
hysteresis loop to a slim polarization loop. After 60 Mrad
irradiation, the peak appears at 4.84 A for both unstretched
and stretched films. The corresponding lattice spacing is
close to the paraelectric phase as determined from x-ray data
taken above the Curie temperature for unirradiated copoly-
mer films and therefore, indicate the conversion of ferroelec-
tric to a paraelectric-like phase at this dose.*® It should be
pointed out that. although macroscopically (from x-ray dif-
fraction), the phase after irradiation is paraelectric like, the
observed broad dielectric constant peak with Vogel-Fuicher
dielectric dispersion behavior suggests that the phase re-
sembles a relaxor ferroelectric with local polar regions (polar
glass system).“ The x-ray peaks become relatively more in-
tense after 60 Mrad irradiation for unstretched films and after
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FIG. 4. DSC thermogram of (a) unstretched. and (b) swetched. P(VDF-
TtEE) 50/50 mol % copolymer unirradiated. and irradiated with different

doses at 95 °C.

80 Mrad irradiation for stretched films in comparison to the
unirradiated films and the films irradiated with lower doses.
The increase in the coherence length of x-ray diffraction is
due to the disappearance of the macroscopic ferroelectric or-
dering.

Interestingly, at higher doses the x-ray peak moves back
to higher angle and concomitantly the peak broadens, indi- -
cating the reduction of the crystallite size. The cause for the
contraction in the lattice spacing between polymer chains is
unclear. It might be related to the nature of the defects in-
duced during the irradiation, which depend on the boundary
conditions of the crystalline-amorphous interface and crys-
tallite size. At high irradiation doses, the crystallite size be-
comes quite small and the shape of the x-ray peak becomes
Lorentz type suggesting that the crystallite-amorphous inter-
face is also quite diffused. In additon, peak area analysis, as
shown in Fig. 3(a), indicates that at doses of 80 Mrad or
higher, the crystallinity of the copolymer has been reduced to
less than half as compared with the unirradiated films [Fig.

3(b)]).

3. DSC results

In order to further quantify the change in the transitional
behavior in irradiated samples. 2 DSC measurement was
conducted on these samples. As expected. the thermal prop-
erties of the copolymer undergo a significant change after
irradiation. Figures 4(a) and 4(b) summarize the DSC results
obtained from unstretched and stretched copolymer films, re-
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spectively. Being ferroelectric in nature, before irradiation
both unstretched and stretched films exhibit two peaks. The
peak at 63°C is due to ferroelectric to paraelectric (F-P)
transition, while the peak at 157 °C is due to the melting of
crystals.>’ For unirradiated films. the crystal melting peak for
stretched films is sharper and more intense than unstretched
films and thus, reflects a higher crystalline ordering for
stretched films. After the irradiation. the temperature and the
enthalpy of the melting peak decrease continuously with the
irradiation dose for both unstretched and stretched films. As-
suming that the enthalpy of the melting is directly propor-
tional to the crystallinity in the sample, the change of crys-
tallinity with dose can be deduced®™ and is presented in
Fig. 3(b). Clearly, the change of crystallinity with the dose
acquired from the x-ray data, is consistent with that from the
DSC data, although the DSC data yield a slightly lower crys-
tallinity.

It is well known that the morphology of P(VDF-TrFE)
copolymers is that of crystallites embedded in an amorphous
matrix, which is analogous to a composite structure.* It is
interesting to compare the results obtained here on the polar-
ization and crystallinity (approximately the volume fraction
of the ‘crystallites in the polymer). Figure 5(a) presents the
polarization P induced by 160 MV/m field as a function of
crystallinity, which is taken from the averaged value of the
DSC and x-ray data. Apparently. the initial drops of the crys-
tallinity at low dose range (40 Mrad) causes a large reduction
in the polarization in both stretched and unstretched films.
As has been pointed out, the initial precipitant decrease of
the polarization in the stretched films is also partly caused by
the reduction in the crystallite orientation in the irradiation
process. Therefore, if the crystallinity of the polymer under
40 Mrad dose can be raised, due to the high ratio of the
polarization/crystallinity for the copolymer studied here at
this particular dose the polarization level can be improved
markedly, especially in stretched films.

For a composite system, there are many relationships
describing the dependence of the dielectric properties of a
composite with the properties of constituents. It was found
that the logarithmic law of mixing of composites can fit most
of the experimental data well,'®

logP=v logP +(1—v,)logP,, 3)

where P is the total polarization, P, and P, are the averaged
polarizations of the crystallites and amorphous regions, re-
spectively, and v, is the crystallinity. The fitting of the data
in Fig. 5(a) is shown in figure 5(b) where for the stretched
films the data point from the unirradiated stretched film is
not included because of its high crystallite orientation effect.
Clearly, Eq. (3) fits the data quite well for both stretched and
unstretched films. Surprisingly, the slopes of the curves from
the two sets of data are nearly the same, indicating that
P./P, is nearly the same for both stretched and unstrectched
films. The parameters obtained in the fitting are, P,
=144.5mC/m* and P,=15.5mC/m? for unstretched films.
while for stretched films, P,=151.6mC/m?> and P,
=18.4mC/m>. The fact that P, from irradiated stretched
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FIG. 5. (a) Change in polarization (P) induced by 160 MV/m electric field
with the averaged value of crystalinity obtained from the x-ray and DSC
data [Fig. 3(b)]. (b) Fitting of the logarithmic law for unstretched and
stretched P(VDF-TtFE) 50/50 mol % copolymer films after 40 Mrad irra-
diation at 95 °C. The solid line is the fitting and points are the experimental
data obtained from (a).

films is only about 5% higher than that in unstretched films
confirms that stretching does not have a marked effect on the
polarization level in irradiated films.

In addition to the reduction of the crystallinity, the DSC
peak associated with melting of crystals also broadens with
doses. This indicates the presence of broad distribution in
crystallite sizes and crystal ordering in irradiated films.
which is due to the lattice defects and crosslinking in the
copolymer.

In contrast to the DSC peak of the melting process for
unirradiated films, the peak of F-P transition for the un-
stretched film is sharper with 2 higher transition enthalpy in
comparison with the stretched film. This shows that the
stretching process does introduce defects in the crystalline
region, which have a much stronger effect on the polar or-
dering, but have a minimum effect on the crystalline order-
ing.

Consistent with the polarization data where there is very
weak hysteresis for film irradiated with 40 Mrad dose. the
DSC data show that the F-P phase transition peak almost
disappears upon 40 Mrad irradiation for both stretched and
unstretched films. Interestingly. a broad DSC peak reappears
at temperatures near the original F-P transition peak position
of unirradiated films when the dose is increased to 80 Mrad
and beyond. This is consistent with the x-ray data where at
high doses the x-ray peak moves back to higher angle. The
finding here indicates that the structural defects introduced
by irradiation in the crystalline region depends on the crvs-
tallite size and also the boundary conditions at the
crystalline-amorphous interface.
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4. Crosslinking coefficient measurements results

Crosslinking coefficient (or crosslinking density) was
measured to provide information on the effect of crosslink-
ing on the properties investigated here. Figure 6(a) presents
the change in the number of repeating units (n) between two
crosslink  points ~ along the chain in unit of
—CHZ—CFZ-—CHF—-CFZ—as a function of dose for both
stretched and unstretched films. The lower the value of n
corresponds to the greater value of the crosstinking density.
Clearly, with the same dose, the crosslinking density is much
lower in the stretched films compared with unstretched.films.
In Fig. 6(b), the crosslinking coefficient. which is the number
of crosslink per chain. is presented as a function of irradia-
tion dose. For both unstretched and swretched films, the
crosslinking coefficient increases with dose. The rate of the
increase in the crosslinking coefficient for the stretched films
at doses below 80 Mrad is a much lower than for the un-
stretched films. This indicates that the chain orientation in-
troduced by stretching reduces the rate of crosslinking in the
irradiation process. However. at doses from 80 to 100 Mrad,
the rate of the crosslinking coefficient with dose for stretched
films becomes higher than that for unstretched films. As has
been shown. irradiation randomizes the orientation (crystal-

lites and polymer chains) induced by stretching, at high dos-
ages the local chain orientation in stretched films may not be
very much different from that in unstretched films.

Presented in Fig. 6(c) is the crosslinking coefficient as a
function of crystallinity for the two sets of samples investi-
gated. For both unstretched and stretched films, the
crosslinking coefficient increases in proportion to the de-
crease in the crystallinity. Furthermore, even with the same
crystallinity. the crosslinking coefficient of unstretched films
is higher than that in stretched films. In other words, the
reduction of the crystallinity in the copolymer under irradia-
tion is not directly controlled by the crosslinking density, but
it is expected that the crosslinking process has a significant
role here in the conversion from the crystalline to amorphous
phase.
The influence of crosslinking density on the ferroelectric
behavior and polar ordering in the crystalline region is not
clear. From the data presented, it seems that as far as the field
induced polarization is concerned, the effect of crosslinking
density is not significant and direct. However, the crosslink-
ing density should have a direct effect on the crystallite size,
which may affect the polar response in the copolymer when
the size of crystallites becomes small.

B. Dielectric and mechanical responses and
relaxations
1. Dielectric responses

To further elucidate the change in the ferroelectric re-
lated properties in the irradiated films. the weak field dielec-
tric constant was measured on irradiated films as a function
of irradiation dose. Figures 7(a) and 7(b) show the tempera-
wure dependence of the dielectric constant at 1 kHz for the
films irradiated for different doses. Before irradiation, the
dielectric constant for stretched films is higher than that of
unstretched films, which is consistent with the polarization
result and arises due to the higher dipolar orientation in the
stretched films. After the irradiation. the dielectric peak of
both unstretched and stretched films shifts towards a lower
temperature in comparison to respective unirradiated film
and therefore. increases the room temperature dielectric con-
stant remarkably. In addition, the dielectric peak after irra-
diation becomes broader and exhibits a strong frequency dis-
persion [Fig. 8(a)]. As shown in Figs. 8(b) and 8(c) for both
stretched and unstretched irradiated films. the dispersion fol-
lows Vogel-Fulcher law, an empirical law which holds for
the systems undergoing freezing below certain temperature,
Ty, such as glassy and relaxor ferroelectric materials,'®

-U
f=fo exr{m}, 4)

where T is the dielectric constant peak temperature, fis the
corresponding frequency, and k is the Boltzmann constant.
The fitting parameters obtained are summarized in Table L. If

we regard that the Vogel-Fulcher law describes a thermally .

activated process with the activation energy approaching to
infinity at Ty, Eq. (4) can be rewritien as, f=fo
x exp(—a/kT), where for the polarization freezing process,
a=UTNT—-Ty) which leads to Vogel-Fuicher law. Hence,
U is directly related to the activation energy ' The param-
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ated at 95 °C with different doses.

eter U for unstretched films and stretched films shows quite
different values and it is higher in unstretched films than that
in the corresponding stretched films. In addition, as the dose
increases, U decreases monotonically.

Therefore, both the polarization and dielectric constant
data suggest that the irradiation destroys the ferroelectric or-
dering and breaks the macro-polar domains into micropolar
regions. The observed V-F type relaxation suggests that
these local polar regions couple to each other and this cou-
pling becomes stronger with the decreasing temperature. The
decrease of U with the dose indicates the reduction in the
polar-region size with irradiation. The observed upward
shifting of T, at high dosage suggests that the average polar
ordering in these regions increases, which is consistent with
the x-ray and DSC data presented.
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FIG. 8. (a) Dielectric constant (solid lines) and dielectric loss (broken lines)
as a function of temperature for unstretched P(VDF-TYFE) 50/50 mol %
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100 kHz. Fitting of Vogel~Fulcher law for (b) unstretched, and (c) stretched
P(VDF-TtFE) 50/50 mol % copolymer films after 40 Mrad irradiation at
95 °C. The solid line is the fiting and the circles are the experimental data.

2. Elastic responses

For electromechanical transduction applications, me-
chanical properties are of great importance. They also pro-
vide valuable information on the structural and relaxation
processes in the material. Presented in Figs. 9 and 10 are the
elastic modulus of unstretched and stretched films respec-

TABLE 1. Fitting parameters of the V~F law for P(VDF-TrFE) 50/50 mol % irradiated copolymer.

Unstretched films

Stretched films

Dose Crystallinity U073 ev) T (K Crystallinity U103 ev) T¢(K)
40 0.59 3.6 294.5 0.57 24 298.8
60 0.47 2.0 314 0.52 1.2 299.3
80 0.36 1.62 310 0.38 0.55 304

100 0.25 047 316
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tively. For stretched films, only the modulus along the
stretching direction is shown. As expected, stretched films
[Fig. 10(a)] exhibit higher elastic modulus in the stretching
direction in comparison to the unstretched films [Fig. 9(a)],
which is due to the alignment of chains. After the irradiation,
the elastic modulus is found to decrease with the irradiation
dose in most of the temperature region. However, at low
temperatures (below the glass transition. about —30 °C), due
to the crosslinking, the irradiated films exhibit higher modu-
lus than unirradiated films. It is also interesting to note that
for unstretched films irradiated with 40 and 60 Mrad and for
stretched films irradiated with 40 Mrad dose, at temperatures
above 10 and to 90 °C, which is the upper temperature range
measured, the elastic modulus shows a very weak tempera-
ture dependence compared with unirradiated films. Above
these doses, the films exhibit an increased room temperature
modulus, presumably due to increased crosslinking density.
The modulus decreases with temperature with a noticeable
relaxation step at temperatures near 40 °C. In addition, after
the irradiation. the elastic modulus of stretched films along
the stretching direction remains higher compared with un-
stretched films (except at 100 Mrad).

We now discuss the relaxation processes in the films
studied where the data from both the mechanical and dielec-
tric losses will be used. In P(VDF-TrFE) copolymers, it is
known that several relaxations exist, which depend on the
molecular relaxations in amorphous, crystalline. and at the
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FIG. 10. Change in the (a) elastic modulus and (b) mechanical loss as a
function of temperature for stretched P(VDF-TrFE) 50/50 mol % copoly-
mer. unirradiated. and irradiated at 95 °C with different irradiation doses.

crystal-amorphous interfaces.>* Dielectric responses are from
those relaxations in which motions of dipoles are involved,
while the motions related to mechanical relaxations can be
due to the non-polar processes. Therefore, as shown in an
earlier study, the loss peak from the mechanical data may not
be at the same temperature and frequency position as that
from the dielectric data.”

In the temperature range studied. the mechanical tangent
loss exhibits two relaxation peaks. Before irradiation two
weak peaks around —40 °C (B) and 30 °C (a) are observed in
unstretched films, which have been attributed in earlier stud-
ies to the molecular relaxation in amorphous and crystalline
regions and/or crystalline amorphous interface boundaries
[Fig. 9(b)]. While for unirradiated stretched films, these
peaks are much weaker [Fig. 10(b)] due to the alignment of
polymer chains. These mechanical relaxation peaks may be
compared with the dielectric loss peaks [Figs. 7(a) and 7(b)].
A broad dielectric loss peak can be seen at temperatures near
—30°C and a weak sharp peak at near 65 °C for unstretched
films. For stretched films, a broad dielectric loss peak is at
about —20°C and a relatively sharp loss peak at 60 °C. We
believe that the sharp peak seen in the dielectric loss is as-
sociated with the F—P transition. which is not detected in the
mechanical loss data and is also different from the high tem-
perature broad relaxation seen in the mechanical loss data.
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For irradiated films. the observed low temperature me-
chanical loss peak is mainly due to the glass transition in the
polymer while the dielectric loss peak seems to be dominated
by the frozen process of the polar regions, which diminishes
in size as the dose increases (or the crystallinity decreases).
The contribution of the glass transition to the dielectric loss
is much weaker compared to the frozen process of the polar
regions. On the other hand, the frozen process of the polar
regions does not have a marked effect on the elastic proper-
ties, which is analogous to the DSC results.

The high temperature mechanical loss peak (at >30 °C)
does not show much increase for both stretched and un-
stretched films at doses of 40 and 60 Mrad [Fig. 9(b) and
10(b)] compared with unirradiated films. A large increase of
loss peak is seen for films irradiated at 80 and 100 Mrad. In
contrast, the dielectric loss peak for this relaxation is very
weak. These results suggest that the relaxation process asso-
ciated with this peak (a) is mainly due to the motions involv-
ing large chain segments. Therefore. at high doses with in-
creased crosslinking density and diminishing crystallinity, a
strong mechanical relaxation will occur resulting in a drop of
the elastic modulus with a temperature, as observed near
40 °C for unstretched films irradiated with 80 Mrad dose, and
stretched films irradiated with 80 and 100 Mrad doses, and
corresponding strong mechanical loss peaks.

IV. SUMMARY

The experimental results presented can be summarized
as the following:

(1) The high-energy electron irradiation converts the po-
larization loop of the copolymer studied from the one with
large hysteresis to a slim loop. The dielectric dispersion in
the irradiated samples can be described well by the V-F law
for both stretched and unstretched samples.

(2) Although in unirradiated samples, the polarization
level and dielectric constant can be substantially increased
by stretching but for irradiated films at doses above 40 Mrad,
the induced polarization level does not show a large differ-
ence between stretched and unstretched films.

(3) In both stretched and unstretched samples. the de-
pendence of the induced polarization P on crystallinity v,
can be described quite well by the logarithmic law of two
component composites, indicating that the morphology of
the irradiated copolymer consists of micropolar regions em-
bedded in an amorphous matrix. The results also indicate
that because of the high ratio of AP/Av, at the low dose
region. an increase in the crystallinity will result in a large
increase in P.

(4) Although the irradiation nearly eliminates the en-
hanced polarization and dielectric response induced by
stretching, the elastic modulus of stretched films remains
higher compared with unstretched ones after the irradiation
(at least for doses below 80 Mrad, indicating the difference
in the molecular segment motions to the mechanical and
electric responses. Similar differences between the electric
and mechanical responses are also observed for the molecu-
lar relaxation processes in the copolymer.
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(5) For unirradiated films. stretching improves the crys-
talline ordering while reduces the ferroelectric ordering as
suggested by the DSC and x-ray data.

(6) Stretching can have a marked effect in reducing the
crosslinking rate in the irradiation process and correspond-
ingly, the crosslinking density of stretched samples is lower
than that of unstretched samples. On the other hand. the crys-
tallinity of stretched samples is nearly the same as that of
unstretched films at the same irradiation dose. The reduction
of crystallinity with irradiation does not have a direct link to
the crosslinking process.

Therefore, during irradiation the changes in the structure
and phase transition properties are mainly controlled by the
two processes: one is the introduction of polarization defec:s
which is responsible for the conversion from a normal ferro-
electric to a relaxor ferroelectric phase and the other is the
amorphization of the copolymer. which reduces the overall
polar responses in the material. How to reduce the rate of the
second process is crucial in order to further improve the elec-
tromechanical responses in the copolymer.
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A large transverse electrostrictive strain S; with a high elastic strain energy density is observed
along the drawing direction in the stretched poly(vinylidene fluoride—trifluorethylene) copolymer
film under a proper electron irradiation treatment condition, which results in a ratio of |S, /S| larger
than 1 where S5 is the longitudinal strain. In contrast, unstretched films generate a relatively small
transverse strain with a small ratio of |S,/S3| (~0.25). Hence, in this copolymer system, the ratio
of |§, /S| can be varied over a broad range. In addition, a large volume strain, which amounts to
about half of the longitudinal strain, is observed in the films investigated. © 1999 American

Institute of Physics. [S0003-6951(99)03513-5]

Electroactive polymers with high strain response and
high elastic energy density are very attractive for actuator
and transducer technologies because of their mechanical
flexibility, conformability, shock resistance, and low acoustic
impedance.! Depending on application, either the longitudi-
nal, or transverse strains, parallel to and perpendicular to the
applied electric field, or both (volume strain) are utilized. In
many applications, it is also highly desirable that a material
can produce a high strain anisotropy, for example, a large
longitudinal strain and a weak transverse strain response.
This can be made use of to reduce the unwanted mechanical
coupling or interference between different directions and to
improve device reliability. Recently, we reported the finding
that in the modified poly(vinylidene fluoride—
trifluorethylene) (PVDF-TrFE) copolymer, a large longitu-
dinal electrostrictive strain (S3) can be achieved.?? In this
letter, we present the observation of large transverse strain
responses (S;) with an elastic energy density higher than
that from S; in this class of electrostrictive polymer.

The strain responses of the P(VDF-TrFE) copolymer at
compositions of 50/50, 65/35, and 72/28 mol % were evalu-
ated initially in this investigation. It was found that among
them the copolymer 65/35 generated the highest transverse
strain, and subsequently, a more detailed measurement was
carried out on this composition on the ratio of |5, /83|, vol-
ume strain, and other related properties. The results of this
study will be reported in this letter.

The copolymers were from Solvay & Cie of Belgium.
Thin films (about 20 um thick) were made using the solvent
(DMF) cast method. Two types of films were used in the
investigation, unstretched and stretched films. Unstretched
films were directly annealed at 140 °C in a vacuum for 12 h
after cast to remove residual solvent and improve the crys-
tallinity. After annealing, the polarization hysteresis loop
was measured. which has a remanent polarization, 71
mC/m?. The stretched films were prepared by uniaxially
stretching the film at a temperature between 25 and 50 °C
with a stretching ratio of five times. The films were annealed

“Corresponding author. Electronic mail address: gxzl@psu.edu
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afterwards at 140 °C in a vacuum for 12 h. For the stretched
films, the measured remanent polarization is 117.6 mC/m?,
The electron irradiation was carried out at N, atmosphere at
temperatures ranging from room temperature to 120°C with
3 MeV energy-level electrons. Au electrodes were sputtered
on both surfaces of the film. The dielectric constant and elas-
tic modulus were measured using a dielectric analyzer and a
dynamic mechanical analyzer (TA Instrument, DEA2870
and DMA 2980), respectively. The transverse strain was
characterized using a cantilever-based dilatometer and the
longitudinal strain was measured by a piezoelectric bimorph-
based dilatometer.* The frequency for the strain measure-
ment is from 1 to 10 Hz and all the strain measurements were
taken at room temperature.

Shown in Fig. 1 are the transverse and longitudinal
strains of two unstretched films, one irradiated with a 140
Mrad dose at room temperature and the other with a 60 Mrad
dose at 120 °C. The data in Fig. 1 are plotted as the ampli-

Unstretched
 RT, 140Mrad

-

Strain Amplitude (%)

3} Unstretched
120°C, 60Mrad

Strain Amplitude (%)

50 100
Electric Field Amplitude (MV/m)

o

FIG. 1. The amplitude of electrostrictive longitudinal (S;) and transverse
strain (5,) as a function of the amplitude of the applied field. The films were
irradiated at room temperature with a 140 Mrad dose (a) and at 120 °C with
a 60 Mrad dose (b), respectively. The data points are shown in the figure and
the solid curves are drawn to guide the eyes.
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FIG. 2. The amplitude of transverse electrostrictive strain for stretched films
measured along the drawing direction as a function of the amplitude of the
applied field. The irradiation conditions are shown in the figure and the solid
lines are drawn to guide the eyes.

tude of induced strain versus the amplitude of applied field.
It should be mentioned that the film irradiated at 120 °C with
the 60 Mrad dose shows the highest longitudinal strain
among the films investigated when the applied field is 100
MV/m or lower.” One interesting feature of Fig. 1 is that in
spite of a large difference in the strain levels between the two
films, the ratio of |S;/S3] is nearly the same for both films
(at 0.25). For most of the unstretched films examined, this
ratio is in the range from 0.25 to 0.33, which is smaller than
those in the conventional piezoceramics where the ratio is at
about 0.4 or higher.6 For P(VDF-TrFE), it is known that a
change in polarization will result in a strain along the poly-
mer chain direction in the opposite sign to that perpendicular
to the chain direction. It is this cancellation effect of these
two strains that produces a small transverse strain in the un-
stretched films. From the data in Fig. 1(b), the volume strain
can be determined: S, = —1.5% under a field of 100 MV/m,
which is about half of the longitudinal strain. The electros-
trictive coefficients Q (S;= QBPZ, where P is the polariza-
tion, S; is the strain, and i=1,3) for the same film is also
determined: Q3;=—12m%C%  0,;=3m*C% and Q,
= —6m%C2 where Q,(=Q33+20,3) is the hydrostatic
electrostrictive coefficient.

In contrast to the results in Fig. 1, the stretched films
exhibit a much higher transverse strain response when mea-
sured along the stretching direction, and the resuits are pre-
sented in Fig. 2 where the data is presented as the amplitude
of induced strain versus the amplitude of applied field. At
100 MV/m driving field, the transverse strain S, can reach
9.7% for films irradiated at 95 °C with the 60 Mrad dose. At
higher dosages, the strain is reduced, while at lower dosages,
strain hysteresis was observed. The comparison between 53
and S, is made in Fig. 3, and for the two films shown in Fig.
3 the ratio of |, /S| is 1.03 for the film irradiated at 95°C
with 60 Mrad and 0.8 for the film irradiated at 77 °C with 80
Mrad. Hence, the stretched films can have a transverse strain,
the magnitude of which approaches that of the longitudinal
strain. It is well known that uniaxial stretching of P(VDF-
TrFE) copolymer films aligns the polymer chains along the
drawing direction, which enhances the strain response in that
direction.” The electrostrictive coefficients for the film irra-
diated at 95°C with 60 Mrad, which exhibits the highest
transverse strain among the films examined (under a field of
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FIG. 3. Comparison between the transverse strain along the stretching di-
rection (S, shown as crosses) and the longitudinal strain (S shown as the
diamond) for the stretched films. The solid curves are drawn to guide the
eyes.

100 MV/m or lower), are evaluated: Q33=—4.8 m*/C? and
Q013=4.9m*C2

To determine the elastic energy density, which is an im-
portant parameter for many actuator and transducer applica-
tions, the elastic modulus of these films was measured. The
data for the unstretched film irradiated at 120 °C with the 60
Mrad dose and for the stretched film irradiated at 95 °C with
60 Mrad along the drawing direction are presented in Fig. 4.
Clearly, the elastic modulus Y for the stretched film along the
drawing direction is much higher than that of the unstretched
film. At room temperature (20 °C), the stretched film has a
modulus of 1.3 GPa, while the modulus for the unstretched
film is 0.4 GPa. Based on these numbers, the elastic energy
density of the two films, along with other data obtained here,
are listed in Table I, where Y S;?'/?. is the volumetric energy
density (related to the device volume) and YS?2p is the
gravimetric energy density (related to device weight), p is
the density, and S; is the strain level under 100 MV/m ap-
plied field along either the thickness (i=3) or drawing di-
rection (i=1). Apparently, these strain levels and energy
densities are improved markedly compared with the conven-
tional piezoceramic and magnetostrictive materials and are

B

Elastic Modulus (GPa)
N

Unsmc:{;a

(-)25 0 25 50
Temperature ('C)

FIG. 4. The elastic modulus as a function of temperature for the stretched
(irradiated at 95 °C with 60 Mrad) and the unstretched (irradiated at 120 °C
with 60 Mrad) films. The dots and solid lines are the data measured at 1 and
10 Hz, respectively.
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TABLE 1. Summary of the electrostrictive properties of the 65/35 copoly-
mer. The data were measured at a field of 100 MV/m.

YSiR YSi2p

(%) S|(%) S(%) Y (Vem®) (/kg)

Unstretched and irradiated -3.1 0.8 -15 04 0.19 95

at 120 °C with 60 Mrad®

Stretched and irradiated at -2.6 2.7 1.3 047 237

95 °C with 60 Mrad®

*The energy density is calculated for the longitudinal strain S5.
®The energy density is calculated for the transverse strain along the drawing

direction S, .

several orders of magnitude better than those of the conven-
tional P(VDF-TrFE) picszopolymers‘2‘8'9 In addition, because
of the high elastic modulus along the drawing direction, the
elastic energy density is much higher along that direction
compared with that along the thickness direction. It should
also be pointed out that although the films reported here
show a high value of strain and strain energy density under a
filed of 100 MV/m and a high ratio of induced strain/applied
field, thev are not the ones which generate the highest strain
level and strain energy density under higher fields (>150
MV/m). In other words, the films capable of generating the
highest strain are not the ones yielding the highest ratio of
strain/applied field.

In our earlier publication, it has been shown that the
irradiation transforms the polymer from a normal ferroelec-
tric into a relaxor ferroelectric, which has a microscopic
structure consisting of local polar regions (all transbonds)
embedded in a nonpolar matrix.? The strain and polarization
response can be from the expansion and contraction of these
regions (similar to the transformation between a ferroelectric
and paraelectric phase), from the reorientation of these re-
gions, and from the pure dielectric response.'® In addition,
for polymers, the Maxwell stress effect. which is the defor-
mation due to the electrostatic force, may also be
significant.'®'! For the unstretched film irradiated at 120 °C
with 60 Mrad, the longitudinal strain due to the Maxwell
stress effect is below 1% at 100 MV/m, which is much be-
low the measured strain of —3.1% at this field. For the
stretched films, the large strain and high elastic modulus
along the stretching direction also rule out a large contribu-
tion from the Maxwell stress effect.

It is interesting to compare the results obtained here with
the lattice strains in the crystalline region related to the para-
to-ferro-electric-phase transition. For the P(VDF-TrFE)
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65/35 copolymer, it has been shown that the averaged strain
perpendicular to the chain direction is about —8% and along
the molecular chain is about 10% when transformed from the
high-temperature paraelectric to low-temperature ferroelec-
tric phase, which results in a volume strain of about —6%.™12
Apparently, the strain obtained here is much lower than these
values. which is partly due to the fact that the material has a
semicrystalline morphology and the crystallinity of the films
at the doses used here is below 50 vol %. In addition, the
orientation of the local polar regions in the films is also
spread out over a broad direction, which may reduce the
averaged strain response and favor the reorientation of the
polar regions under applied fields. For the reorientation of
local polar regions in a nonpolar matrix, it will not generate
much volume strain on the average.” Hence, the relatively
large value of S, observed in unstretched films indicates that
the expansion and contraction of local polar regions (local
transformation between polar and nonpolar phases) makes a
significant contribution to the polarization and strain re-
sponse. Interestingly, for stretched films, we also observed a
volume strain which is about half of the longitudinal strain.
On the other hand, the ratio of S, /S3~0.5, which is below
the single-crystal value, may suggest that the reorientation of
the local polar regions also contributes to the polarization
and strain responses significantly.
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A dilatometer based on the cantilever beam concept has been developed. The dilatometer is easy to
use and capable of measuring transverse strain response of soft polymer films in a broad strain range
(from 10~ to 10™?!) without mechanical constraining of the sample. It is capable of detecting strain

over a relatively wide frequency range from mHz to

above 100 Hz under different load and

temperature. Using the setup, the electric field induced transverse strains of the electrostrictive
poly(vinylidene fluoride-trifluoroethylene) copolymer films were characterized which shows that a
large transverse strain can be achieved in this class of polymer. In addition, the effect of mechanicat
tensile load on the transverse strain was also evaluated and the results show that the strain response
will be affected by the load. However, depending on the load level. the strain response of the
polymer film under a given electric field may increase or decrease with load. Based on the
phenomenological theory, it is shown that for a ferroelectric based material, the mechanical load
will shift the Curie temperature. Hence, to a large extent. the change of the strain response with load
observed here can be understood by linking it to the strain change with temperature. © 1999
American Institute of Physics. [S0021-8979(99)00716-1]

1. INTRODUCTION

Recently. it was found that a very large longitdinal
electrostrictive strain (more than 4.5%) can be achieved in
poly(vinylidene fluoride-trifiuoroethylene) [P(VDF-TrFE)]
copolymers under a proper electron irradiation treatment.!~
Further more, because of the relatively high elastic modulus.
the polymer also exhibits a high elastic energy density which
is crucial for many electromechanical actuator and trans-
ducer applications. These features represent a significant im-
provement in the electromechanical performance of this new
material over the conventional electroactive ceramics and
polymers.

For electromechanical applications,3 in additon to the
longitudinal response, the ransverse response is also of great
importance. In many devices operated in the longitudinal
mode, a weak transverse strain response is desired which can
reduce the mode coupling between the thickness direction
and lateral directions for a thickness resonator or improve the
device reliability. On the other hand, wansverse strain re-
sponses are utilized in many areas and because the applied
electric field is perpendicular to the strain direction. it offers
a convenient means in generating actuation over large dis-
tances without the need to raise the driving voltage.

In this article, we report the measurement of transverse
strain response in the newly developed electrostrictive

¥ Comesponding author, electronic mail: gxz1@psu.edu
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P(VDE-TIFE) copolvmers. In order to characterize the strain
response to high fields (~50MV/m) without application of
high voltages, thin polymer films of thickness about 20 um
were used. One of the challenges in characterizing trans ¢7se
strain response in thin polymer films is to measure the strain
response in free-standing form over a broad range without
introducing constraints.

In general, the strain measurement techniques can be
grouped into two categories: contact methods and noncontact
methods.* The contact methods such as strain gauge and lin-
ear variable differential transformer (LVDT) which are used
for transverse strain measurement in inorganic materials will
impose severe constraints on polymer films due to lov elas-
tic modulus of polymers compared with inorganic materials.

For the noncontact method, although in principle laser
dilatometer can be used to characterize the transverse strain
response in polymer films, to reflect the laser beam Mmirrors
are needed on two ends of the film which is a very difficult
task. In addition, the sample holding is another challenge for
a soft polymer film.3 Optical microscope offers a convenien!
means to characterize the transverse strain response.® How-
ever, its resolution is limited so that it cannot be used at low
strain response region. In the case when a high applicd elec:
wic field is required, and hence, the polymer film is ™"
mersed in insulation il to increase the breakdown voltage:
the operation of an optical microscope to obtain reliable-re”
sults is quite difficult. In fact, these two methods have beel
tested and considered for transverse strain measurement 0!

2208 © 1999 American Institute of-Physic®




. Mew . Taiyd. VUL OT, NG 4. T2 AuguSt 1999
newiy developed polymer films and no satisfactory results
can be obtained.

From both the application and fundamental understand-
ing points of view. the electromechanical properties of an
elecroactive material under mechanical loads are important
parameters. Thus, in developing a new technique or setup for
characterizing the electromechanical behavior of materials.
the capability of the setup working when the matenial is un-
der mechanical loads should be an important concern.

In this article. we will first discuss the development of a
new setup which is simple. convenient to use, versatile. and
capable of measuring transverse strain response of polymer
films over a broad strain range. The performance of setup
was evaluated using the electric field induced transverse
strains of both piezoelectric and electrostrictive polymeric
films and the results show that the setup is capable of char-
acterizing transverse strain responses of polymer films with a
high sensitivity over a relatively wide frequency range (from
near static to above 100 Hz). The electric field induced trans-
verse strains of electron irradiated (PVDF-TrFE) 65/35
mol ¢ copolymer films under different load conditions are
also presented. which illustrates that for ferroelectric based
elecroactive materials, the main effect of external mechani-
cal loads on the electromechanical responses can be under-
stooc from the shift of the ferroelectric-paraelectric transition
temperature caused by the loads.

Il. DILATOMETER FOR TRANSVERSE STRAIN
MEASUREMENT IN POLYMER FILMS

The setup developed for characterizing transverse strain
response of polymer films is shown schematically in Fig.
lta:. The key part of the setup is a plastic cantilever which
holds the polymer film to be measured under a slight tension
as shown in Fig. 1(b). As seen from the figure. the polvmer
film to be tested has one end clamped at a solid base (fixed)
and the other end attached to the free end of the plastic
cantiiever which is fixed at a solid base. When the polymer
film is subjected to an electric field. its expansion and con-
traction cause the free end of the plastic cantilever to move
which can be detected using optical technique. In the current
setup. a photonic sensor {Model 2000, MTI Instruments) is
emploved. However, if needed. a laser dilatometer can be
used here to probe the movement of the free end of the
cantilever which will yield a great sensitivity. This is one of
the advantages of this setup. that is. the displacement probe
and mechanical holding part are two separate units and can
be changed separately without affecting the other part.

The photonic sensor with the optic probe (MTI 2032R)
has two sensitivity ranges: the sensitivity for range 1 is 0.019
HM/mV and for range 2 is 0.137 um/mV. All the measure-
mentz were conducted at ac mode. The output signal of the
Photonic sensor was measured/recorded through a lock-in
amplifier (SRS Model SR 830 DSP) at small strain region
and/or a digital oscilloscope (LeCroy 9310A) at high strain
fegion of polymer films. The ourput signal noise of the pho-
tonic sensor. whose working frequency is from dc to 100

- is about 10mV,.,. The working frequency of the
lock-in amplifier is from 0.005 Hz 10 100 kHz. The lock-in

Cheng et al. 220

Photonic
Photonic Sensor
[—Sensor Probe
T /,Cant.ilevef

e

e
<— Sampl <

i

l _l —— Stable Stage

High-Voitage Oscilloscope
Amplifier
)

Lock-in
Amplifier

h 4

l Wave Form Gcnermorj|

(a)

/

!
/_._ . \

S(E) Plastic Cantilever

DAY

(b)

FIG. 1. Schematic of the setup 1a- where the stable stage can move alon
x-v-z directions as well as rotate about the x axis. The displacement o
cantilever’s free end (b). In the experiment. &, and 6(E) are much smalle:
than /. the length of the candlever

amplifier has a dynamic reserve greater than 100 dB whick
makes it possible to measure a signal of a few uV in a 1C
mV noise background.

We now proceed to describe the details of the setup. The
symbols used are summarized here. For the polymer film
under test, L is the length. 7 is the thickness, A is the cross
section area, and E| is the elastic modulus in the transverse
direction. The typical values of 7. A, and L are about 20 um,
6X10"?mm? and 12-15 mm, respectively. For the plastic
cantilever, ! is the length, h is the thickness, b is the lateral
width, and E_ is the elastic modulus. For the data presented
in this section, the values of &, A, and / are about 6. 0.8, and
80 mm, respectively. The typical value of &,, which is the
static displacement of cantilever’s free end from its equilib-
rium position as shown in Fig. 1(b), is 2 mm. The elastic
modulus of the plastic candiever used is about 5 GPa. For
the plastic cantilever with one end firmly fixed, the deflection
&y at the free end will generate a static force (F) which are
related to each other as’

1 FP3

TSR v

where / (in m*) is the inertia moment of the cantilever,




I= 1—7bh3 (2)

Combing the two equations yields

Fi3
=4 o Ga)
C

or

Ecbh’

F=—7 b (3)
Because the polymer film is directly attached to the free end
of the cantilever, this force will act as a static tensile load to
the polymer film. Apparenty, Eq. (3) shows that by adjust-
ing &y, h, and other parameters of the cantilever, the me-
chanical load can be varied over a wide range. This is an-
other advantage of this serup.

As the polymer film is subjected to an ac electric field.
its expansion and contraction will induce a corresponding ac
motion in the free end of the cantilever as shown by the
dashed lines in Fig. 1(b). As long as this displacement §(E)
is in the range “*Sp+ 8(E)>0,”’ the strain response of the
film can be measured. For the piezoelectric PVDF and elec-
rrostrictive P(VDF-TTFE) copolymer films studied here.
O(E) is in the range from 0 1o —0.4mm. As the polymer
film extends or contracts under applied fields, the free end of
the cantilever will move as

Ecbh’ )

S(E)=~L{dE+MyE )= oo = 8(E), (&

where E is the applied ele"mc field (along the thickness
direction. three- direcrion) d; E describes the piezoelectric
effect. and M 3E? the elecuostictive effect in the polymer
film. respectively.® The last term in Eq. (4) is due to the
dynamic load from the cantilever since a change in & will
cause change in the force level at the free end of the cand-
lever as shown in Eq. (3). In fact. this term can be made use
of to evaluate the change of the elastic modulus of the poly-
mer film with external load. The measured transverse strain
response of the polymer film is

—8(E;)  dE+M;zE?
SE=—r— =13
SoL Ebh® L )
T35 4P AE;

where. A>0. S is the static strain of the sample correspond-
ing to the static load originated from the static displacement
(8y) of cantilever’s free end. In the current setup, A is much
smaller than | (on the order of 0.001) and hence, the strain
response can be linked directly to the piezoelectric and elec-
trostrictive coefficients of the polymer evaiuated, i.e.,

S(_E)=d3|E+M13E2. (6)

Equation (6) expresses the transverse strain response under
an external electric field £ for a film under a constant me-
chanical stress. In present case. the constant stress on the
sample originates from the static force which is determined
by the static displacement (Jy) of cantilever's free end as

w
T
1

Piezoelectric Strain (109
- Ny

I L

0 3 6 9 12
Electric Field (MV/m)

FIG. 2. Transverse strain of pure PVDF piezoelectric film under different
electric fields of 1 Hz at room temperature.

shown in Eq. (3). Since. for most electroactive materials,
both d|3 and M ; will depend on the stress (load),° the
dilatometer can be used to characterize the electromechanical
properties of polymeric films under different load conditions.

In the case of a sampie possessing electrostrictive and
piezoelectric activities. it is hard to separate the contribution
from the electrostrictive and piezoelectric effects using an
oscilloscope. However. one can still use a lock-in amplifier
to separate and identfv the contribution to the strain re-
sponse from the electrostrictive and piezoelectric effects, re-
spectively. If the applied electric field on the sample is a sine
wave. the first-harmonic response of the lock-in amplifier is
corresponding to the contribution from the piezoelectric ef-
fect. while the second harmonic response of the lock-in am-
plifier is corresponding to the contribution from the electros-
trictive effect.

In the setup, special consideration and design were made
so that the film under test can be immerged in an oil cham-
ber. which serves to increase the breakdown electric field so
that the measurement can be carried out to high fields. Thus.
the temperature of the sample is the same as the temperature
of the oil. Since the temperature of the oil can be easily
changed. the setup can be used to evaluate the transverse
strain responses of polymer films with temperature. During
the development of the serup. it was found that in order to
reduce the error in the measured strain response. it is neces-
sary to keep the film flat. Therefore, a stage which is capable
of translating the cantilever in three orthogonal directions as
well as rotation in one of the axes is used.

The setup is calibrated using a commercial piezoelectric
PVDF film whose d; value is known. As shown in Fig. 2
the strain versus applied field exhibits a linear curve. indicat-
ing the response is piezoelectric as expected. The piezoelec-
tric coefficient d,; is determined through the electric field
strength and measured transverse strain. The results are con-
sistent with the value from the manufacturer.

The displacement sensitivity was also evaluated using
the newly developed electrostrictive P(VDF-TrFE) 65/35
mol % copolymer and the results are presented in Fig. 3. The
data were obtained at | Hz applied field with the time con-
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FIG. 3. Displacement sensitivity of the system when the photonic sensor is
i the range one and two.

stant of 30 s for the lock-in amplifier. For the range 1 of the
photonic sensor, the lowest measurable displacement is
about 0.1 nm. while for the range 2, it is about 1 nm. Con-
sidering a fact that L= 10mm, the results indicate that the
setup is capable of measuring transverse strain to 1077
range. On the other hand, the photonic sensor used here can
measure displacement up (o 0.7 mm range which corre-
sponds to a strain in polymer films of 0.07. However, pho-
tonic sensors with the upper range to more than 5 mm is
commercially available. Clearly, the separation of the sample
holding unit and displacement sensing unit in the set up en-
ables us to characterize the strain in polymer films over a
very wide range. In addition, the linear log-log plot of the
data in Fig. 3 implies that the strain response of the polymer
follows S(E)=M 3E" relation (power law) and slopes yield
n=1.99 and n=2.08, respectively, which is consistent with
the longitudinal strain data on the similar films measured in
the low field range (<10MV/m) and shows that the re-
sponse is electrostrictive (n=2).2 The electrostrictive coef-
ficient M3 calculated from the data in Fig. 3 is 1.9
x10™ ¥ m*/V*.

The operation frequency range is another concern when
developing a strain measurement set up. At the low fre-
quency end. the frequency limit depends on the frequency
range of a lock-in amplifier and the strain level of the
sample. The limiting frequency for the former is 0.005 Hz in
the present system. And the later is caused by the increased
noise of the environment which has approximately 1/f spec-
trum, where f is frequency. On the high frequency end, the
operation frequency is limited by the resonance frequency
(f1) of the cantilever. The lowest resonance frequency of a
cantilever with one end fixed and the other free is given by'
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FIG. 4. Frequency dependence of the electric field induced transverse strain
of a PVDF piezoelectric film and (b) P(VDF-TIFE) electrosuictive film
under a constant electric field.

h o [Ec
f1=0.16154l_2‘ 7‘, (7a)

while the lowest resonance frequency of a cantilever with
two ends fixed is determined by'!

, h [Ec
fi=102797 N> (70)

where p (in kg/m’) is the density of the plastic probe used.
Since in our setup, one end of the cantilever is fixed firmly at
a base and another end is not totally free (attached to the
polymer film), the resonance frequency should be somehow
in between the f, and f; of Eq. (7).

Therefore, as the polymer film is driven electrically with
increasing frequency, a series of resonance in the cantilever
will be excited. For example, the frequency response data
using the commercial piezoelectric PVDF film as the poly-
mer sample attached to the cantilever probe is presented in
Fig. 4(a). A resonance was observed at a frequency of the ac
driving electric field at about 170 Hz for a cantilever beam
with p=1.47x 10> kg/m® and E. =5 GPa, and the result is in
accord with what was expected from Eq. (7). The weak fre-
quency dependence of the piezoelectric coefficient at fre-
quencies below 50 Hz as shown in Fig. 4(a) is consistent
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with what measured in a thick copolymer sample (mm thick-
ness) of P(VDF-TrFE) 75/25 mol% piezoelectric
copolymer.’ With the same probe, the frequency dependence
of transverse strain response of a newly developed electros-
trictive copolymer film under a field of 35.7 MV/m [P(VDF-
TrFE) 50/50 mol % irradiated at 95 °C with 100 Mrad dose]
was also characterized. As shown in Fig. 4(b), there is a
resonance at a frequency near 90 Hz of the ac driving electric
field. The apparent lowering of the resonance frequency here
is caused by the electrostrictive response of the polymer film
(S=ME 2y which generates a mechanical motion of 2 f fre-
quency when the driving electric field has a frequency f.
Apparently, at below 50 Hz. the effect of the resonance to
the measured data is negligible here. By adjusting the dimen-
sion of the cantilever probe. one can raise the resonance
frequency to above 500 Hz which makes it possible to char-
acterize the transverse strain response of a polymer film up to
more than 100 Hz if needed.

lll. TRANSVERSE STRAIN RESPONSE OF
IRRADIATED P(VDF-TRFE) 65/35 COPOLYMER

In this section, the change of the transverse strain of
stretched films (5 X stretching ratio) of P(VDF-TTFE) 65/35
copolymer with mechanical load was evaluated. Shown in
Fig. 5 is the transverse strain response as a function of ap-
plied field measured at room temperature for films with dif-
ferent irradiation conditons under load free conditon.
Clearly, the response depends strongly on the irradiation
condition.

With regard to electroactive materials for electrome-
chanical applications, although the electric field induced
strain response at load free condition is important to under-
stand and to characterize the materials behavior, the material
response when subjected to external load is crucial for most
of the device applications. Needless to say, the information is
also valuable from a basic understanding point of view.
Here, the film irradiated at 95°C with 60 Mrad dosage is
examined under different mechanical load conditions, since
this is the one that exhibits the best transverse strain response
at load free condition as seen from Fig. 5. In order to vary

1.6
—o— Load Free a

[ —o— 4.74MPa 2/
L——o— 7 97MPa

——10.7MPa

—o— 16.5MPa /
r—— 25MPa .
—x— 33MPa

-
N

o
]

Transverse Strain (%)
o
H

o
o

0 140 2l0 Sb 4‘0 50
Electric Field (MV/m)

pury
(o]

46.9, 40.9, 35.0, 29.8
24.6, 112 MV/m

Transverse Strain (%)
o o = b
o © [ [

o
w

S-S

0 10 20 30 40 50
Tensile Stress (MPa)

FIG. 6. Load effect on the electric field induced ransverse strain response
measured at room temperature with applied electric field of 1 Hz for 65/35
mol % P(VDF-TrFE) copolymer film irradiated at 95 °C with 60 Mrad dos-
age (a). The relation berween the strain response and electric field for films
under different loads (b). The relation between strain response and static
load for films at different electric field strengths. Symbols in figure express
the measured data, while solid lines in figure are drawn to guide eyes.

the mechanical load over a broad range, plastic cantilever
beams with thickness from 0.8 to 4 mm were used. The E, of
the plastic trips is from 2.5 to 6 GPa. In addition. the static
displacement ( Jy) of cantilever’s free end was varied from 2
to 6 mm. Thus, the static tensile load on the polymer film can
change from nearly zero to more than 45 MPa.

The relation between the electric field and the transverse
strain response for the sample under different static tensions
is shown in Fig. 6(a). The static tension dependence of elec-
tric field induced strain for the same material at different
external electric fields is shown in Fig. 6(b). In these experi-
ments, the load (stress) was along the stretching direction of
the copolymer film and the transverse strain was also mea-
sured along the stretching direction. Although the strain re-
sponse of a sample at the same electric field strongly de-
pends on the static tension, it is found that the strain response
for the sample under different static load conditions stll lin-
early depends on the square of the electric field strength.
This is what is expected from the electrostrictive effect.!
However, the electrostrictive coefficient depends strongly on
the static load.

The results in Fig. 6 indicate that for a given field, the
transverse strain increases with load initially and then de-
creases with the load after reaching the maximum. For the




polymer studied here, the electric field induced strain re-
sponse mainly originates from the phase changes from a non-
polar to a polar phase under external electric field.""'*"
Hence, this load dependence behavior can be understood
pased on how this change is affected by the load.

Before the electron irradiation, the copolymer exhibits
tvpical first-order phase transition from para- to ferro-electric
phase.“" However, after the electron irradiation, the physi-
cal properties of the copolymer are very similar to that of
relaxor ferroelectrics. For example, the dielectric constant
maximum temperature (T,) and dielectric loss maximum
temperature (7,) are strongly dependent on the frequency;
and at the same frequency T, is higher than T, .! These are
the basic features of dielectric relation phenomena observed
in relaxor ferroelectrics.' In addition, it was found that the
~elation between T, and frequency for these copolymers fol-
iows well the Vogel—Fulcher law."'® The Vogel-Fucher law
was widely used in relaxor ferroelectrics to express the rela-
tion berween T, and frequency.'” More importantly, it was
found that these copolymers exhibit a slim polarization hys-
teresis loop, that the remanent polarization gradually in-
crease with decreasing temperature, and that the ferroelectric
state can be observed at low tcampex‘ature.l'17 These are ex-
actly the polarization behaviors observed in relaxor
ferroelectrics.'® With regard to the ferroelectric behavior of
the relaxor ferroelectrics, it is found that the depolarization
temperature (T,) is generally lower than T, by a few tens
degrez:s.19 It was found that T, for the copolymer studied
here is about 40—60 °C lower than T,.'°

For relaxor ferroelectrics, it is known that the local phase
transition temperature (or the freezing temperature of the po-
lar region) is distributed in a very broad range and that the
densitv of the frozen polar regions increases with decreasing
temperamre.18"9~ In addition, the volume density of the fro-
zen polar regions increases with external electric field, which
is also called the electric field induced phase transition.'?
That is why the large electrostrictive coefficient was ob-
tained in relaxor ferroelectrics.” Therefore. the dielectric be-
havior and the electric field induced strain response strongly
depends on the temperature. It is believed that the density of
‘the frozen polar region is relatively higher and the interaction
berween the frozen polar regions is still not high at tempera-
tures near T,.'° However, at temperatures lower than Ty,
most of the polar regions are frozen and the interaction
among the frozen polar regions is relatively high. Thus, both
T, and T, can be used as parameters to characterize the
average phase transition temperature of local transition be-
tween para- and ferroelectric phases. For the material studied
here, the T, is about 27 °C at 30 Hz as measured from the
dielectric data.?' It has been observed that for the relaxor
ferroelectrics under a relatively high driving electric field,
the induced strain increases as the temperature is lowered
towards T, .= However, as the temperature is lowered fur-
ther, the strain response will decrease due to increased 180°
domain wall motions associated with the macropolarization
switching.

Based on Devonshire phenomenological theory, for a
ferroelectric material under a stress X; and with a polariza-
tion (P3) along **3’’ direction. if only consider the contribu-

tion to the free energy of the system from the electrostrictive
effect (first order apprcsximate),23 the shift of phase transition
temperature with stress is

AT=2g,CQ13X;, ®

where AT=T,(X;)—T.(0), £,=8.85X 1072 F/m, C is the
Curie—Weiss constant, 0;; is the electrostrictive coefficients
defined as § ,-=Q,-3P2, and T, is the Curie temperature. Al-
though the Eq. (8) is written for a single-crystal normal fer-
roelectrics, the trend should be the same also for the relaxor
ferroelectrics considering the microstructure of the relaxor
ferroelectrics. For relaxor ferroelectrics, the stress will shift
both T, and T, and the direction of the shifting will depend
on the sign of Q, the electrostrictive coefficient. For the
polymer investigated here, 0,;>0 and the applied stress is
X,>0. Thus, Eqg. (8) shows that AT>0. That is, both T, and
T, of the sample will move to a higher temperature with the
tensile load.

This result indicates that the measured strain responses
at room temperature for films under different load are. to a
large extent. equivalent to the strain responses measured at
different temperatures under stress free condition. Since T,
for the polymer under free stress condition is close to room
temperature, the measured strain response will increase with
tensile stress. This is what was obtained at the low load
range as shown in Fig. 6. However, as the load increases
further which moves 7T, to higher than room temperature, the
strain response will decrease. Below T, most of polar re-
gions are frozen and the interaction among the frozen polar
regions is very high. Thus. the contibution to the electric
field induced strain from the para- to ferro-electric phase
transition decreases. This is why the electrostrictive response
decreases with load in the high load region as shown in Fig.
6.

IV. SUMMARY

A new dilatometer is developed for characterizing the
electric field induced transverse strain of free-standing poly-
mer films under different load conditons and at different
temperatures. The setup is easy to use, can be operated in a
broad strain range with high sensitivity, and has a reasonable
operation frequency range, from mHz to above 100 Hz. Us-
ing the dilatometer, the electric field induced transverse
strains of high energy electron irradiated P(VDF-TrFE) films
were characterized. It was found that a high transverse strain
response can be achieved in this class of material which de-
pends crucially on the irradiation condition. It was also
found that the field induced strain will change with external
load. For example, for P(VDF-TrFE) 65/35 mol % copoly-
mer irradiated at 95 °C with 60 Mrad dosage. the transverse
strain measured at room temperature increases with tensile
load initially until a load near 15 MPa. beyond that the strain
decreases slowly with the load. Based on Devonshire phe-
nomenological theory, it can be shown that for the polymer
investigated here, the tensile stress will favor the low tem-
perature phase and the change of the strain with load can be
understood qualitatively from the shifting of 7,, and T, due
to the load. In general, for ferroelectric based materials, the
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dependence of strain response with load can be understood
from the shifting of the Curie temperature with stress.
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In this letter. we show that the electric field induced strain in the siectron irradiated poly{vinylidene
fluoride-trifluoroethylene) copolymer can generate high strain even under a high mechanicai stress.
The observed change in strain with stress is due to the electostrictive coupling of the local
polarization with stress. and can be directly related to the change of the induced strain with
temperature. The results indicate that the field induced strain cbserved in the films investigared is
indeed from the local polarization regions in the material. and is electrostrictive in nature. < /999
American Institute of Physics. [S0003-6951(99)03743-2]

Polymers which can generate high electric field induced
strain are very arractive for a broad range of applications
such as artiicial muscles. robots. ultrasonic transducers for
medicai diagnosis, sonar. and acuve control of mechanical
svstemns.' It was found recently thar under a proper electron
irradiation treatment. a massive elecgostrictive strain can be
induced in poly(vinylidene fiuoride-trifiucroethyiene)
[P{VDF-TrF=)] copolymers. Because of the high elastic
modulus of the material. it also possesses a high elastic en-
ergy density.”™ Being a polymeric material, the electrome-
chanicai response under high mecianical load is always a
concern. that is. whether the matenai can maintain the strain
ievel when subject to high extemal stresses. For example.
several polvmers such as polvurathane. polvbutadiene. sili-
cone rutper 2tc. were observed to generate very high electric
fieid incuces strains up to ~10%." But due to the fact that
these materials have a very low ziastic modulus and the
strain is caused by the Maxwell sirass effect. the elastic en-
erzv density of these polymers is iow and the strain dimin-
isiies ewven under the mechanical constraints of the metal
eiectrocas ceposited on the sampies.’ In this letter. we dem-
onstratz that the irradiated P(VDF-TrFE) copolymer films
can generate a high strain under a high external load. In
addition. the 2xperimental results also show that due to the
ferroelectric nature of the materiai. the mechanical load ef-
fect on the ileld induced strain can be directly linked to the
variation of the strain with temperature.

The PVDF(x)-TrFE(l1—x) copolymer with x=63
mol % was chosen for this study. Among the compositions
investigated. this composition showed the highest electros-
trictive strain in both the longitudinal and transverse direc-
tions (parallel and perpendicular to the applied electric field).
The copolvmer powder was purchased from Solvay and Cie.
Bruxelles, Belgium. The unstretched and uniaxially stretched
(4.5%) films of thickness ~20-30 um were prepared by
melt pressing and solution casting methods. respectively. In
order to improve the crystallinity and also to remove residual
solvent. the ilms were annealed in a vacuum oven at 140 °C
for 16 1. These films were irradiated in a nitrogen atmo-
sphere with .55 MeV electrons at 95 °C and with a 60 Mrad
dose.

A cantiiever based dilatometer was used to measure the

0C03-8251/9%/75(17)/2653/3/515.00

2553

strain aiong the stretching direction {transverse strain. S;) at-
different tensile stresses (o7) applied in the same direction.*
The strain along the thickness direction (longitudinal strain,
S3) was measured at different hvdrostatic pressures (o) us-
ing a piezoelectric bimorph based sensor.’ In this setup. one
end or the piezoelectric bimorph was fixed while the other
was in contact with the sample. Uncer an ac electric field. the
expansion and contraction along thz sample thickness direc-
tuon generate the corresponding tanding motion in the bi-
morph sensor. Through the piezoziaciric effect, an elecirical
output ~oitage which is perpoticnai to the bending of bi-
morph s observed. Both the setuss were designed and de-
velope< specifically for strain measurements in polymer
fiims under load. In both cases. the zc electric field is applied
along =2 film thickness with frequancies ranging from 1 to
10 Hz.

Since the magnitude of the transverse strain is higher for
swetchad films in comparison to unswretched films. the 65/35
stretchzd films were used to measurz the transverse strain at
different tensile stresses along the stretching direction. As
can be szen from Fig. 1. under a constant electric field. the
wransva-se strain initially increases with the load and reaches
to a maximum at the tensile stress of about 20 MPa. Upon
further increase of the load. the feid induced strain is re-
duced. One important resuit revealed by the data is that even
under z tensile stress of 45 MPa. the swrain generated is still
nearly the same as that it was without load, indicating that
the marerial has a very high load capability.

The longitudinal strain for unswetched 653/35 mol %
films as a function of hydrostatic pressure was measured and
the data is presented in Fig. 2. As can be seen. at low driving
electric fields, the strain does not change much with pressure.
On the other hand, for high fields it shows increases with
pressure. Due to the limitation of the experimental setup, we
could not apply pressure higher than 8.2 MPa.

Tne results from both experiments clearly demonstrate
that the electrostrictive P(VDF-TIFE) copolymer has a high
load capability and maintains its soain level even under a
very high mechanical load. which is in contrast to many
other polvmeric materials.®~’ However, the increase of the
field induced strain with load and the strain maximum ob-
served in Fig. 1 seems to be puzzling. In the following. we

@ 1989 American Institute of Physics
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FIG. 1. Effect of tensile swess (o) on electric field induced transverse
strain (S,; measured al room temperature under different driving electric

field sorengths.

will be showing that the observed phenomena can be under-
stood by considering the electrostrictive coupling of the local
polarization with stress in this relaxor ferroelectric material.

It is well known that the unirradiated P(VDF-TrFE)
65/35 mol % copolymer is a normal ferroelectric polymer
with a Curie temperature near 70 °C.'% After the irradiation.
we have shown that the material is transformed into a relaxor
ferroelecmic. which exhibits a large electrostrictive strain.”
According to the Landau—Devonshire phenomenological
theory. when a normal ferroelectric material is subjected to
an external suess. its Curie point will shift, which can be

Siad

Lhese

descripad
AT=2eCQA0. (D

where AT is the shift of the Curie temperature. € is permi-
tvity in free space. C is Curie-Weiss constant. ¢ is the
appliec swess. and Q 1s electrostricdve coefficient. Therefore.
depending on the sign of the elecrostrictive coefficient and
the appiied stress. the shuft of the Curie point can be either
positive {10 higher temperature) or negative (to lower tem-
peraturs:. For a relaxor ferroelectric. if we use the simpie
Smolensky model'® that a relaxor ferroelectric can be re-
garded as consisting of local polar regions with different Cu-
rie points over a broad temperature range, Eq. (1) can still be
used to provide a qualitative understanding of the data.

For the irradiated P(VDF-TIFE) copolymer. it is also
shown :hat the strain is proportonal to the square of the
induced polarization P:*
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S=QP%. ()

The relevant electrostrictive coefficients used in Eq. (1) for
the irradiated copolymer are: Q;; {wransverse coefficient, re-
lated to the transverse tensile stressi and QO (volume coeffi-
cient. related to the hydrostatic pressure). From early experi-
mental results. it has been shown that ;>0 and 0,<0.’
Therefore. under a transverse tensile stress. Acr>0. and Eq.
(1) diczates that the applied tensile swress will shift the Curie
temperature downwards. In an enaiogy. under hydrostatic
pressure. A0, <0, and with -increased pressure. the Curie
temperature will also move downwards. Combining this with
the resuits in Figs. 1 and 2 suggests that at temperatures near
room temperature. both the longitudinal and transverse
strains of the samples studied shouid increase as the tempera-
ture is reduced and will reach to a maximum at a temperarure
below room temperature.

Figures 3 and 4 present the iemperature dependence of
the transverse strain for the stretched iilm and the longitudi-
nai strain for the unstretched film measured under stress free
conditions at a field range similar ‘o those used in Figs. 1 and
2. Figure 3 shows that for the transverse strain measured in
the stretched sample. there is a broad maximum at a tempera-
wre near 17 °C in the electric fieid range measured. which
seems 10 be consistent with the dara in Fig. 1. For the longi-
tudinal strain. the temperature limitation of the setup pre-
vents the experiment from being performed below room tem-
perature. and the results in Fig. 4 are consistent with the data
in Fig. 2. That is, the field induced strain decreases with
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FIG. <. Variation in electric field induced longitudinal strain (S:) as a
funcuon of temperawre measured under swess free conditon at different
electmic field strengths.
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temperature. It should be pointed out that due to the nature of
relaxor ferroelectric material, the induced strain changes with
stress or temperature are also dependent on the level of the
driving electric field. For the unstretched sample, the data in
Fig. 4 seems to indicate that there is a weak strain maximum
at a temperature near 35 °C when the measurement was made
under a field of 25 MV/m.

From the data presented in Figs. 1 and 3 for the stretched
films and in Figs. 2 and 4 for unstretched films, one may
obtain the effective electrostrictive coefficients using Eq. (1)
if the Curie~Weiss constants are known for the two samples.
Using the Curie-Weiss relation. e=C/(T~T_), where € is
Wy_yf the m_atgn;ag._’iithe values of the Curie—
Wedss_ Constais (C=4002 and3475Fand Curie-Weiss tem-
peratures (T,.=10.24 and 28 °Cj were calculated for unirra-
diated stretched and unstretched films, respectively. These
vaiues are found to be close to the values reported by
others.'® The value of Q5=4.6 m*/C? is calculated from Eg.
(1) using AT=6°C (Fig. 3) and Aocr=18.4 MPa (Fig. 1),
which is very close to the value of Q;;=4.9 m*/C* obtained
directly from the strain and polarization using Eq. (2).° Al-
though for a system as complicated as the irradiated P(VDF-
TrFE) copolymer. we do not sxpect that the analysis pre-
sented can be used quantitativeiy, the consistency in the
effective electrostrictive coefficient obtained from the two
sets of data does indicate that the observed change of the
induced strain with stress is due to the electrostrictive cou-
pling of the local polarization with stress in this material. For
unstretched films. by comparing the slopes from the curves
under 75 MV/m in Fig. 2 and under 74 MV/m in Fig. 4. we
obtain Q,=-10.8 m*/C- whick: is also consistent with Q-
= — 5 m*/C* obtained directly fom the measured voiume

Bharti et al. 2655

strain with polarization.® The results obtained here clearly
indicate that the field induced strain is due to the local po-
larization in the material and is electrostrictive in nature. The
data presented show that the variation of the field induced
strain with stress can be related qualitatively to the change in
strain with temperature through Eg. (1) even for a compli-
cated system such as the relaxor ferroelectric P(VDF-TrFE)
copolymer. Furthermore. the data show that the electrostric-
tve strain from the irradiated P(VDF-TrFE) copolymer has a
high load capability.
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The article presents the resuits of a recent invesdgatdon on the ultrasonic performance of -3

piezocomposites. Using a guided wave approach, the

elecromechanical properties of the thickness

resonance are modeled and the results are compared with the experimental data. Toe infduence of
various losses in a 1-3 composite on the dispersion curves and the quality factor for the thickness
mode is examined. [t is found that the reduction in the guality factor of a composite compared with
piezoceramic is mainly due to the acoustic coupling berween the two consttuents. Even for a
composite with the mechanical Q of the polymer higher than that of the ceramic. the mechanical Q
of the composite is sdll lower than that of the ceramic except when the ceramic volume content
is very low. Hence. in most of piezoceramic polymer composites, the mechanical 0 of the ceramic
phase plays a major role in determining the quality factor of a 1-3 composite Tansducer. For
the lateral modes in a 1-3 composite. it is found experimentally that the frequencies of the
~wo lowest laterai modes can be determined approximately by the shear wave velocity and the width
of the polymer gap overa broad ceramic volume fracton range. suggesting that they correspond t0
the half-wave standing waves in the polymer gap. © ! 999 American Institute of Physics.

[S0021-8979( 99108603-X]

I. INTRCDUCTION

Piezoceramic polymer cOmposites offer many advan-
zages over single phase materals for many transducer 2ppli-
cations such as underwater sonar. ultrasonic imaging for
medical and NDE applicadons. and suess sensors.'= The
complementary properties of the polvmer and ceramic
phases in the electric and mechanical responses make it pos-
sible o tune the composite oroperties over a wide range. On
the other hand. in order to fully make use of these advan-
tages and to reduce the manuracture costs of composite. it is
necessarv and still a challenge © establish a quantitadvely
SITucture-property reladonship which links various design
parameters in the constituents to the final device perfor-
mance and reveals new propertes of composites that are ab-
sent in single phase materials.

In the past two decades. a great deal of effort has been
devoted to analyze and model the transducer performance of
piezocompositt=.s.3'9 The model (quasi-static model) devei-
oped by Smith and Auld® and Hashimoto and Yau'ne.!gw.xchi4
hased on the isostrain and isostress concepts in treating the
coupling between the constituent phases provided a qualita-
tive prediction on the effective piezoelectric propertes of 1-3
composites as a thickness resonator. [t was shown from the
model that the thickness coupling factor k, of a composite
can approach the longitudinal coupling factor k’33 of the pi-
ezoceramic rod. which agrees with experiments for compos-
ites with a high aspect ratio d/1, where ¢ is the thickness and
d is the periodicity of the composites. Because of its simplic-
ity. the quasi-static model offers a convenient means for 2

sCurrent address: Blatek. [nc. State College. PA 16801.

~Arne ao~oaQ/28(7)/1342/9/515.00

quick estmation of the composite parameters. Auld er al.
ointed out the existence of the stop band edge resonance it
Soth 2-2 and 1-3 composites due o the periodic arrangemeat
of the ceramic elements in these composites.s'(’ However. i
order to address quandtadveiy many realisdc issues of 2
composite material such as the influence of the aspect ratio
and shape of the ceramic rod in 2 {-3 composite on the
performance, finite slement method (FEM) is often used. —

More recently. based on the guided wave approacil. 21
analytical model was developed which is capable of weatni
many practical issues related to the ultrasonic performancs of
a 2-2 composite. By combining this with the eigenmode 2X-
pansion. the ultrasonic propertes of a finite thickness 2-2
composite can be analyzed quandtatively and many new fea-
tures were predicted and contirmed experimenaily. >
Clearly, the model results offer many new physical insights
into the ultrasonic performance of a 2-2 piezocomposite. [t is
the purpose of this work to explore the possibility of using
similar approach to -3 piezocomposites.

In this article, a simplified wave propagation model will
be used to analyze the ultrasonic properties related 0 the
thickness resonance of 1-3 composites and the results will be
compared with experiment. Comparison will also be made
with the quasi-static model to show the range of its validity.
Since the mechanical Q of a composite is an important pa-
rameter in determining the bandwidth of the transducer made
from it. experiment and model analysis are also made 10
show that the mechanical Q of a composite is not a simple
extrapolation between the two end constituent phases {i.c.
ceramic and polymer) and can be much smaller than those of
both constituents. [n addition. experimental results will be
presented regarding the frequencies of the lateral modes and

1342 & 1999 American Institute of Physics
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Polymer

(e}

FiG. L. ra) Scaematic drawving of a |-3 piezocomposite fav:z:
ceil. (b1 A concantric unit c2ii ind the coordinate svstem ror =
(d=2r.). ic: Schemauc ing of a 1-3 composite witr u2r
arranged in 2 hexagonai T2riadic ammay. A concentric unit s2ii may be used
(0 2pproximate Hexagona: Init c2ll as showan.

3 composite

it will be shown thar simple relationships exist betwesn the
--2ncies positions of these modes and the parameters of
ihe polvmer matrix.

il. SAMPLE PREPARATION

In order to compare the model results with sxperiment.
1-3 piezocomposites “with different ceramic volume fractions
were prepared by a dice and fill method. The ceramic used
was the commercxal PZT-5H disk and the polymer matrix
was Spurr epoxy.'” In the fabrication of 1-3 composites,
P77.7H ceramic disk was first diced in one direction peri-
odicaliy by Isomet 1600 dicing saw and the ceramic volume
fraction is determined by the ratio of the kerf widt/period.
For example. for a i-3 composite with 40.3% ceramic vol-
ume content. the periodicity is 1.024 mm and the Kerf width
is 0.355 mm. After the dicing. the sample was carefully
cleaned bv acetone. and the Spurr epoxy was then filled into
the kerf. Any possitie zas bubbles in the polymer were re-
moved by placing the sample in a vacuum for more than an
hour. The polymer matrix was then cured at 30°C in the
oven for 8 h. After curing. the sample was cut in the perpen-
dicuiar direction to the first cut with the periodicity and the
kerf the same as the first cut. and then cleaned. flled with
epoxy and cured. Because the ceramic may be partially de-
poled in the process of cutting. curing and polishing. the final
I-3 composite was regoled in 70 °C ol for 5 min under a 2
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kV/mm d¢ elecuic field. Different thickness samples were
used to vary the thickness resonance frequency and the elec-
tric impedance was measured by an HP 194 Impedance
Analyzer.

il. WAVE PROPAGATION IN AN UNBOUNDED 1-3
PIEZOCOMPOSITE

In general. a [-3 composite, such as shown in Fig. 1(a),
has a three-dimensional structure and although its dynamic
behavior can be weated using the approach in Refs. 13 and
14. the mathematics involved is quite compiicated and cum-
bersome. To simplify the mathematics of the analysis, we
will investigate the possibility of using the concenwic unit
cell Fig. 1(b). which is an approximation to the unit cell of 2
1-3 composite having the ceramic rods arranged in a hexago-
nal lattice as schemarically drawn in Fig. l(c. 1o analyze the
ultrasonic propertes of a 1-3 composite at the thickness reso-
nance. Such an approximation reduces the preblem to a two-
dimensional one which is much simpler and as will be shown
in the artcle the model results on the thickness resonance
compare quite well with experimental data.

The cvlindrical coordinate system is chesen for the unit
cell shown in Fig. 1tb) where the ; axis is ziong the poling
direction of the piezoceramic rod. the r axis is along the
radial direction and the # axis is perpendicuiar to the r-2
plane. respectivel: Because of the axial symmeuy. the gov-
eming eguations become"’

6T, oT.. i _— Ju. .
= —0';- — T To)=p 7 (1a)
T.. T,. oT.. 3 u. b
ar F T ez Par (16)
7D, 1 eD. .
———-.——-Drﬂ—-——__ =0. (Ic)

ar r ol

The symbols adopted in this article are summarized as fol-
lows. T,; and S;; are the stress and strain tensor components.
i 18 the elastic dlsplacement vector. p is the density. D; is
the eiectric displacement vector. and E; the slecic field. The
relevant material coefficients are: ¢;; is the piezoelectric co-
efficient. ¢;; is the 2lastic stiffness. and ¢; the dielectric per-
mittviry. Equation (1) holds for both polymer and piezocer-
amic phases.
The constitutive equations for the piezecsramic in the
cylindrical coordinate system are

qu, g Ur g du.

T, =ci—= E— +cE——eE.. 2a)
PO 2 Earm 1 (
qu u au.
E r g -r.
Tog=Clyr——cCci—+ —eynE-. 2b)
98 1277 1, 13 9= 316 (
ou, e U, ou.
T--=CE - —_—t.,— "——""E wE.. 2c
==C B T oD et (20)
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du ou.
E r =
Tf""“(.\ 7z 7;) ~eiskr ed
, du, du.
— _——.' — S L
D,—el=§\__—'|' 81'\) E”Er, (:e)
ou, u du.
D. esx'-r:+_r)*e‘3—;+éc-5- 2f)
- ar r

For the polymer phase. € in Eq. (2) is zero. The super-
scripts £ and S indicate that the coefficients are under the
constant elecrric field and constant strain conditions. respec-
tvely. Under the quasi-electrostatic approximation, the elec-
qic deld E is related to the electrical potendal @

E=-VO. (3)

Combining Egs. (1), (2), and (3) vields differential equa-
tons governing the elastc displacement u,, 4. and the
electrical potential @ in the piezoceramic rod and in the
polvmer. respectively.“ The generai solutons for the piezo-

acdve modes in the ceramic rod have the form:

'
1

E a1 E2 - £ E
{CSSB +cnnTTpw (ch+cu)hB
rya=1  (ch+ci)hp cEnirchpi-pwt e
L ‘.
e BT eish” le;sTeshB

(where n is replaced by h¢ for i=1. 2. and 3, respectively).
The dme-dependent term exp(—juwn is omirted in Eg. ()
where w is the angular frequency.’* R} are the coefficients 0
be determined from the boundary condidons.

Similarly. the solutions for the polymer phase can be

obtained'"

w=2, FPLRPIo(K?r)+ QF Yot h? ) sin(B2),

W=, g{?[R{.’jl(h{.’r)-:-QfYI(hf’r)]cos(,B:). (6)

&7 =[ChJo(H5r) + ChY,(hEr ]sin( Bz),

where i = 1. 2. and the superscript 2 denotes the polymer. For
a nonslippery interface between the ceramic and polymer. 3
in the polymer should be the same as that in the ceramic. ¥y
and Y, are the zeroth-order and first-order Hankel functon.
77 and g7 are the cofacrors of A (i), Aga(i) of Eq. (5) with
all the material parameters replaced by those of polymer
phase. and

l.hﬁ’):‘:(ki)z‘ﬂz, (h8)*=(kp)*— B, and (hg)}=—FB.
(N
where k7 =w/ v}, kg= ol V., 17 and v7 are the longitudinal

and shear wave velocities in the polymer phase, respectvely.
RP.(Q?.C%.and Cf are the coefficients to be determined by

:he boundary conditions.
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uS= >, REfTIo(hr)sin( Bo)-
t

uS=, REgeJ (hir)cos(B2).

b=, RErETo(h{r)sin(B2).

where i runs from 1 to 3 and the superscript ¢ denotes the
ceramic. Jg and J are zeroth-order and first-order Bessell
function. 3 is the wave vector component along the : direc-
don (B=2m/\, where \ is the wavelength along the same
direction) and h; is the wave vector perpendicular to that
direction. For each 3. there are three h. A7, hS. and h3.
corresponding  tO the quasie!ecuomagneu’c, quasi-
longitudinal, and quasi-shear waves in the piezoceramic rod.
respectvely. fi. gi and rf are the cofactors of Ag(D).
Apa(i), and Agz(D) of the determinant:

e —esn”
s—en)hB 2

—E.n7 el ]

The expressions Of the sTesses and the electric displace-
ment in the ceramic rod and the polymer phase can be 0b-
tained by substituting the zquadons of the elastic displacs-
ment and electric potental into the constitutive equaricas
{Eq. (2) for the ceramic rodl."

The boundary conditions at the ceramic polymer intez-
face (r=r{) are

wi=uf, wS=ul. T=Th. To=Th. 8a)

& =®?, DE=D?, (8b)
and the symmetry conditions at r=rz require

77.=0, u?=0, D?=0. 13¢)

From Egq. (8), the relationship between w and B. the discar-
sion relations, can be determined. For each pair of w and B.
the relationships among R . R?. Qf, and C7 [in Egs. ()
and (6)] can be obtained." -

IV. EFFECTIVE ELECTROMECHANICAL PROPERTIES
OF A 1-3 PIEZOCOMPOSITE

The longitudinal wave velocity ofa 1-3 piezocomposile
is determined from the dispersion curves using Vph=w/ﬁ-
Presented in Fig. 2(a) is the comparison of the theoredical
and experimentai results of the longitudinal wave velocity
VP as a function of d/¢ (¢ is the thickness of the composité
and d=2r,, and at the thickness resonance S=27/\= wlt
for a 1-3 piezocomposite with 0% ceramic volume fractios

In this article, except otherwise specified, the composites
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¢, 2. ra) Longitudinal wave welocity of a 1-3 piezocompesite with 0%
.- ~ontent as 2 funcdon of /¢, The open circles are 2 axperimental
esurt. ond solid line is from =2 model. (b} The longitudinz: wave velocity
& 1 funcrion of caramic +oiume fraction for composites with different d/¢
ferived from the model. Fer G2 comparison. the result from 22 quasi-stagc

nodel is also included.

save PZT-5H as the piezocaramic and Spurr eLoxy as poly-
mer matrix.'~ The parameters of the PZT-5H plezoceramic
ind 5 Spurr epoxy are presented in Table [. where the real
scio the material parameters is from Ref. 16. The experi-
menti results are obrained by the resonance method using
HP4194 Impedancs Analyzer from 1-3 piezocomposite
plates with different thickness ¢ (the sampie thickness ¢
ranges from 0.3 to 5 mm) and VP=2 f,r (f, is the parallel
resonance frequency). The agreement is very good for d/t
less than 0.65. At d/r higher than 0.63. the theorztical results
deviate from the experimental values. which is due to the
concentric unit cell approximation used in the analysis which
carnar m:2zr the mode coupling correctly.

Showin in Fig. 2tb) is the dependence of the longitudinal
wave velocity on ceramic volume fraction for a 1-3 piezo-
composite with different ratio of d/t. The lowering of V° for
d/t=0.63 shown at the low ceramic volume content region
(at the ceramic volume content less than 40%) in the figure is
due to the coupling of the thickness mode with the lateral
mode. For composites with higher ceramic volume content,
this coupling will occur at higher d/r and correspondingly,
the loweri= : of V2 will occur at higher values of d/r. Away
ﬂ’?m the _...piing region (in practical design. the trequency
of the first iateral mode is chosen to be at twics that of the
thlc;knf.'ss mode). V2 axhibits very little dependence on d/t
which is consistent with the data in Fig. 2(a) and earlier
eXperiment results.’” For the comparison. v? from quasi-
Static modei are also shown in Fig. 2(b).™* And V® derived
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FIG. 3. ia; Electromechanical coupling coefficient &, 25 : {unction of ce-
ramic voiume fraction “or composites with different 2 Zarjved from the
model. For the comparison. the resuit from the quasi-suze model is also
included 2s the solid lins. b+ The slectromechanical coupZag coetficient &,
of 2 1-3 piezocomposite with <0 ceramic content as a iz=zdon of d/¢. The
open circies are the exgertmanal results and solid line i: Srom the model.

from the quasi-static model is higher than & determined
from this model and 2xperimental data.

The thickness mode electromechanical coupling coeffi-
cient of a 1-3 piezocomposite is derived in the model from'®

- i V{-:‘.:
g=1-150 . ©

where v£ and vP are the longitudinal wave velocity under
constant £ and constant D conditions. respectvely. Presented
in Fig. 3(a) is the dependence of , on ceramic volume frac-
tion for a 1-3 piezocomposite with different J/r. Again, the
reduction in k, at the low ceramic volume fracdon region for
the curve with d/t=0.63 is due to the coupling to the lateral
mode. At d/t away from the coupling region. <. exhibits very
litle dispersion. For the comparison. the results from the
quasi-static model is also presented in the figure and k, from
the quasi-static model is less than that from this model even
when d/t approaches zero. where the thickness of the com-
posite is much larger than the period. :

The thickness coupling factor for a I-3 piezocomposite
with 409 ceramic volume content was evaluarad experimen-
rally using the relation:'®

k$=',—'£‘-:ané -,—[-’7—-1 : (10)
=Jp - Jp !

where f; and f, are the series and the parailel resonance
frequencies of the 1-3 piezocomposite plate. respectively.
The dependence of the theoretical and experimental electro-
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FIG. 4. Quality factor @, Of 1-3 piezocomposites as a function of ceramic
volume fracdon. Q,, is evaluated at d/r=9.063 and f=117kHz (7
=07 N/m* s and 7= 11.0N/m’s for the solymer). Q,, is the quality
factor for the piezoceramic (poled PZT-5H). The result from the quasi-stagc
model is inciudad as the dashed line. The experimental data are represented
as black dots.

mechanical coupling coefficient &, on the aspect ratio d/t is
shown in Fig. 3(b) for composites with +0% ceramic conrent.
The agresment between the two is excallent for d/r less than
0.65. At d/r above 0.65. the deviation of the theoretical value
from the 2xperimental one is due i the concentric unit cell
approximadon used in the model which cannot describe the
mode coupling berween thickness mode and lateral mode

correctiy.

V. LOSSES IN 1-3 PIEZOCOMPCSITES

In the previous sections. the losses in the materials have
not been included in the analysis. However. as has been
demonstrated in many experiments. loss in a 1-3 piezocom-
posite is much higher and hence the mechanical Q is much
lower than that in piezoceramic. Therefore. it is very impor-
tant to include the losses in the analysis. For practical trans-
ducer applications. a material with a mechanical Q much
lower than that of piezoceramics is desirable in order to
broaden the tansducer bandwidth.

In general. there are three types of losses in a piezoelec-
irfic material. i.c.. mechanical loss. dielectric loss. and piezo-
electric 1oss. In the polymer phase. there are only mechanical
loss and dielectric loss. The losses in the ceramic phase can
be expressed by complex constants.'®

E_ El . E”
C=Cij +jcij -

e =e e (D
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1’ "
S=e —je,‘sj

and the losses in the polymer phase can be expressed as
P TN
Cij=CyTIC;0

’ )

e=¢ —je".

From the fact that the aftenuation in piezoceramic is propor-
tional to trequency, the imaginary part of the parameters in
ceramic can be assumed constants.” While in the polymer
phase. the main loss mechanism is due to viscosity, there-
fore. ¢;;= wm;;, where 7; is the viscosity coefficient of the
polvmer.

The quality factor Q (or the mechanical Q) for the thick-
ness mode of a 1-3 piezocomposite is evaluated from the
dispersion curves using the reiadon:

o= ‘:'E‘ (13)

where 3, and 3; are the real and imaginary part of the wave
vector 3. respectively. Presented in Fig. + isthe Q ot a 1-3
piezocomposite as 2 function of ceramic volume fraction
svaluated at /¢ =0.063. The loss parameters used in the cal-
culation are those of PZT-SH for the ceramic phase and
Sourr 2poxy for the polymer (listed in Table I). Those pa-
rameters are obtained from several sources: the dielectric
losses for the PZT-5H ceramic and the elastic losses in Spurr
acoxy were measured here: the elastic losses and the piezo-
siscrric losses for the PZT-3H ceramic are taken from Ress.
=1 and 22. The elastic loss for the polymer is evaluated at
117 kHz which vields a mechanical @=2.22X 10° for the
polymer (which seems to be very high. however. it was de-
rived directly from measured viscosity coefficient 7 at 2.2
\MHz). The mechanical Q in the polymer phase is inversely
proportional to frequency while in the ceramic phase it is a
constant.

The results in Fig. 4 show that the quality factor of 2 1-3
piezocomposite is less than that of both the ceramic and
polymer for the composites evaluated. For the comparison.
the quality factor for the thickness mode of several 1-3 com-
posites with different ceramic content and single phase
PZT-5H ceramic plate was experimentally determined."® The
experiment data are also presented in the figure which is
consistent with the theoretical results. The result here is quite
different from the real part of the elastic constant of a 1-3
composite which always lies in berween the two end phases.
This is also in contrary to the common belief that the low

TABLE L. Materiai parameters for the PZT-5H and Spurr epoxy used in the model calculadon.

Ceramic: ¢£,= 12.73% 10'(1.0+ 8.0 107%) N/, ¢ = 11,74 10°9 1.0+ j8.0X 107%) N/m’.
£,=7.95% 10" 1.0-j6.5X 1073) Nim®, c&;=8.47x 10'%( 1.0+ 6.5 10~%) Nim°.

c£.=2.3% 10'% 1.0~ j1.2X 107%) N/m*: &, = 1700€( 1.0= 2.7 1073), €= 14706, 1.0~ j2.7X 107%).
e33=23.09(1.0— /54X 107%) CU/m’. e15=17.0( 1.0-j5.0% 107%) C/m°.

en=—66(1.0=;7.2¢107% C/m*. p°=7500 kg/m”.

Polymer: ¢f=35.21<10° Nim*, ¢f,=1.307% 10° N/m®. 7y, =20.74 N/m® s, pu=11.0N/m*s:

=406 p"=1100kg/m’.
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€1G. 5. Influence of elastc loss of polymer on the quality factor of a 1-3

->:omposite as a function of ceramic volume fraction. where Q° for
... curve (from top to borom is 2220, 222, 111, 22.2. and 11.1. respec-
dveiy. The losses for the ceramic phase is from depoled PZT-SH which
piezoelectric coefficients are zero.

mechanical Q in a 1-3 composite is a result of the loss in the
polymer phase. In fact. in the composite evaluated. the me-
chanical Q of the polvmer phase (Spurr epoxy) is much
higher than that of the piezoceramic. while the Q or the 1-3
s~=mnsite is lower than that of the pizeoceramic. The similar
cci. .usion can also be ottained from the quasi-statc model,
which is presented in Fig. <. where the quality fac:or is equal
to l/tan & of T35y (the effective elastic constant of the compos-
ite at the constant slectric displacement D).

To examine whether the observed effect is due to the
piezoelectric coupling. the quality factor for a 1-3 composite
without piezoelectricity is aiso derived and the results are
presented in Fig. 5 where the parameters are taken from
Spur- 2poxy and unpoled PZT-5H ceramic (no piezoelectric
e/, and the mechanical Q of the ceramic is about 200.
Apparentlv. the quality factor here is stll less than that of
both ceramic and polvmer when the Q of the polymer phase
is larger than that of the ceramic. On the other hand. when
the Q of the polymer phase becomes smaller than that of the
ceramic. the qualitv factor of the composite lies berween that
of the polymer and ceramic.

To elucidate how different losses of the ceramic phase in
a composite influence the quality factor of the composite
transii.._=r. calculation is carried out for model composites
with ditferent losses in the ceramic. Presented in Fig. 6 are
the results for a 1-3 piezoceramic composite in which the
piezoceramic has dielectric loss only (no piezoelectric and
elastic losses) and piezoelectric loss only (the dielecmric and
elastic losses are assumed to be zero). In both cases, the
trend of quality factor with the ceramic volume fraction is
flluite similar to those in the pure elastic case as shown in Fig.
3. Apparently. through the piezoelectric coupling in the ma-
terial. &+ :he piezoelectric and dielectric losses reduces the
mechani... £ of a -3 composite. It should be pointed out
that in general, a piezoelectric loss may not imply a real
energy loss. Although for the materials examined here. the
Piezoelectric loss reduces the mechanical Q of the thickness
fésonance mode. it can also be an energy gain in other cases
Which means an increase in the mechanical Q. as has been
Ponted out by Holland.*"
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FIG. 6. Contribution of dielectic loss (no elastic and piezoelectric losses)
and piezoelectric loss (no dielectric and elastic loss) of prezocsramic to the
quality factor of a 1-3 piezocomposite as a function of ceramic volume
fraction. where the tan J of dielectric constant is 2% and the tan J of the
piezoelectric coefficient e;; is 2%. The curves are evaluated at d/r=0.063
and Q,,= 2220 for polymer.

Presented in Fig. 7(a) are the results when ail the losses
in a 1-3 composite are included (data in Table I). where the
different polymer loss can be corresponding to different
thickness resonance frequency. Since the elastc loss in a
polymer increases lineariy with frequency. different level of
polymer loss may be obtained by using comrosite samples
with different thickness mode resonance freguaacies. It can
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FIG. 7. (a) Quaiity factor of a 1-3 piezocomposite with both the elastic loss
of the polymer and the elastic. dielectric. and piezoelectic losses of the
piezoceramic. where the quality factor QF (polymer) for sach curve (from
the top to the bortom is 2220, 222, 111, b4, 22.2. and 11.1. respectively.
(b) Quality factor of a 1-3 composite with 40% ceramic content as a func-
tion of frequency when the loss is from the polymer only tdasned line) and
when all the losses are included (solid line).
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FIG. 3. +a) Comparison of the phase defay between the strain and saess in
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line:. +b» Comparison of the phase deiay bervesn the swain and stress in
caramic as a singie phase material \dashed line! and in composite (soiid
line:. Apparendy. by compositing. the pnase alay in the polymer is reduced
whila in the csramic. it is increased. The carzmic volume content is 10%.

be seen that at high ceramic volume content (for example.
>:0%%). the polymer loss does not have a significant effect
on the quality factor of a composite ransducer. For exampie.
as the mechanical Q of the polymer is reduced from more
than 2000 down to about 10. the Q of the composite changes
only from about 63 t© 47 for a composite of 40% ceramic
voiume content. On the other hand. the losses in the ceramic
phase seem to play more important role in determining the
mechanical Q of the composite. To illustrate that. in Fig.
~(b). the Q for a composite with losses from the polymer
phase only. i.e.. there is no loss in the piezoceramic, and for
a composite with all the losses included is plotted as a func-
tion of frequency, where the ceramic volume content is 40%
and the quality factor of the ceramic (PZT-SH) is 73. Since
the quality factor is defined as the ratio of stored mechanical
energy vs. mechanical energy loss in one cycle and as seen
from Table L. the elastic constants of the ceramic are more
than ten times higher than those of the polymer. only when
the loss in the polymer becomes much higher than that of the
ceramic. will it have significant effect on the quality factor of
a piezocomposite. as shown in Fig. 7(b).

The acoustic coupling between the ceramic and polymer
in a composite changes the phase relationship between the
stress and strain in both phases. Shown in Figs. 8 and 9 are
the phase angle § between the stress (T..) and strain (S..)
along the = direction at the polymer center (r=r3) and ce-
camic rod center (#=0) as a function of QP/ Q. the ratio of
the mechanical Q in the two phases. Two compositions are
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axamined. one with the ceramic content at 10% (Fig. 8) and
+he other at 40% (Fig. 9). In the fgures. the dashed lines ars
the & in the single phase material and the solid lines are th2
5 in the composites. Apparendy. for the polymer phase. the 3
is reduced when the polymer is in the composite while 2t
+he ceramic. it is increased in the composite. Further more.
the reduction in & in the polymer increases with ceramic
volume content of the composite. and as shown in Fig. 10.

for composites with ceramic volume fraction higher than
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FIG. 10. Change of the phase delay J in the center of the polymer regio®
and the center of the ceramic region of a composite as a function of o
ceramic volume content. The polymer has a Q= 1710 and the calculation ;
carried out at ¢/t =0.063. The comresponding quality factor of the composit
is also included in the fgure.
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FI1G. 11. 1a)Experimental dispersion curves of a 40% {-3 comrosite with 2
square unit ceil. 1b» Comparison berween 24,7, (open circies. experimental
J:im) and the shear wave waiocity V, of the polvmer tsoii¢ ine) for [-3
zompositas with sguare unit s2il with different ceramic voiume fraction.

15%. the phase delay in the polymer even becomss positive.
Hensr -he large increase in the Jin the ceramic chase of the
com,: -..2 is the main reason causing the drop in the quality
factor of composites sincs. as pointed out. the high elastic
constants in the ceramic phase implies that in most cases. the
loss in the ceramic region plays a dominant roie in control-
ling the mechanical Q of the thickness mode of a composite.

VI. DISPERSION CURVES AND THE LATERAL
MODES IN 1-3 COMPOSITES

in :izning 1-3 composites. the frequency of lateral
modes with respect to the thickness mode is often a concern.
In this section. the experimental results on the lateral modes
from piezocomposites as schematicaily shown in Fig. 1(a)
will be presented which reveal several relations berween the
frequency of these modes and the gap width and shear ve-
locity of the poivmer marrix.

_ Presented in Fig. 111a) are the first three branches of the
dispersion zurves for a 1-3 composite with 405 czramic vol-
ume fract: - :hickness ¢ from 0.6 to 8 mm and the polymer
$3p width ¢ , = ().36 mm). At small 7/¢ limit. the first branch
corresponds to the thickness resonance and the second and
l{""d branches are the two lateral modes f,, and /... respec-
fively. It was found that at small =/t. the frequency of the
S¢cond lateral mode f.- can be related to the polymer gap
width d', (hrOugh o
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\Polymer Matrix

FIG. 12. Schematc of the lateral resonance modes in a -3 composite with

square unit ceil. 7..=17.24_ and f,=V,/(2 Vfd,).

S (14)
fr2= . L £4
24,

where V. is the shear velocity of the poivmar phase. The
result indicates that the second lateral mode cza be viewed as
a half-wave resonancs in the polymer gap as dapicted in Fig.
12. In addition. the fraquency 7,; (the drst latzz2l mode) can
be related to f.-.

194

a relation which has besn kncwn previousiv.” This result
suggests that the rirst lateral mode may correscond to a half-
wave resonance across the diagonal direction as shown in
Fig. 12. The interprazation here provides a mucz simpler and
reasonabie undarstanding on the nature of the iateral modes
in a I-3 composite znd is consistent with the surTace vibra-
tion proiiles obrained from a laser probe reporzad in Refs. 17
and 23. As shown in Fig. 11(bi. Eg. (14 is valid for 1-3
piezocomposites over a broad composition rznge as exam-
ined.

The results suggast that the lateral mode ir2quencies for
1-3 composites investigated here are determited mainly by
the parameters of the polymer marmix: the shear wave veloc-
ity and the gap width. This is analogous to the behavior
observed in 2-2 composites.!! In addition. experiment was
also conducted and result shows that f.» in Fig. 11(a) is
nearly the same as the frequency of the first larzral mode in a
2-2 composite made with the same polyvmer and gap width
(2-2 composite with 63% ceramic volume fraction). Hence.
in analogy to 2-2 composites. because the elasdc stiffness of
the piezoceramic is much higher than that of the polymer, the
ceramic can be viewed approximately as having stress free
boundaryv condition and the polymer having fixed boundary
condition (both «: and u«; are zero at the intertace). As_has
been demonstrated in our earlier paper.'’ this leads to the
result that there are lateral resonance modes.in a composite
whose frequencies are determined mainly by the polymer
gap properties.

Vil. SUMMARY

A dynamic model is derived for the analvsis of the ul-
trasonic performance of 1-3 piezocomposites. To simplify
the mathematics. 1-3 composites with the concentric unit cell
was treated in the mode! which should closely resemble the
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unit cell of a 1-3 composite with ceramic rods arranged in a
hexagonal lattice. It is shown that the model can describe the
thickness resonance of 1-3 composites quite well in the tre-
quency range away from the mode coupling region. In addi-
tion. the lateral mode frequencies are examined experimen-
tily and the data reveal that for 1-3 piezocomposites
invesdgated (the elastic stiffness of the ceramic is much
higher than that of polymer:. the lateral mode frequencies are
determined mainly by the polymer gap width and shear ve-
locity. The resuit provides 2 useful guideline for the design
of 1-3 composite transducers and is also important for the
future development of theoretical models regarding the be-
havior of lateral modes in 2 1-3 composite.

In the article, special arenton is also paid to the losses
in a 1-3 composite and it is found that the quality factor of
the thickness mode for a composite is largely determined by
the mechanicai Q of the ceramic and its coupling to the poly-
mer pinase. which seem (0 be in contrary to the common
belier that the low Qina composite is due to the l0ss in the
polymer. Even for a composite with the mechanical Q of the
polvmer larger than that of the ceramic, the quality factor (or
mechanical Q) of the composite is lower than both consdmu-
ents. it is found that the phase delay between the strain S..
and swass T.. in the ceramic increases significandy in the
composite compared with the single ceramic material. which
is tha main reason for the reducdon of the quality factor Q in
a comgosite. On the other jand. the coupling with e ce-
ramic phase reduces the poase delay between the swain S..
and sess T, in the polymer when compared with that in the
single chase polymer. Due the piezoelectric coupling. both

the Ziaizctric and piezoelecTic losses affect the quality factor
f o piszocomposite.
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" 5.25.1 INTRODUCTION

Piezoelectric composite sensors consist of an
electrically active piezoelectric phase combined
with an electrically inert second phase. Typi-
cally, this second phase is a polymer, although
in some cases it is a metal. This chapter will
discuss the rationale behind this approach to
sensor design. It will begin with a brief review of
piezoelectricity, followed by the important
commercial piezoelectric sensor materials and
their relevant properties, and subsequently the
need for incorporating them into composite
form. The chapter will conclude by discussing
the principle two-phase composite sensor con-
figurations and their properties, the main com-
mercial manufacturing techniques, and some
practical applications.

5.25.2° PIEZOELECTRICITY

Piezoelectric materials develop an electrical
charge on their electroded faces when subjected
to stress. They also exhibit a shape change that
is linearly proportional to an applied electric
field. The latter, known as the converse piezo-
electric effect, is used in actuation and acoustic
source generation. The former, called the direct
piezoelectric effect, is utilized in sensing
changes in force, displacement, or velocity.

Physically, piezoelectricity describes the cou-
pling between the elastic variables (stress and
strain) of a material and its electrical para-
meters (electric field and dielectric displace-
ment). There are four piezoelectric coefficients
that are designated as d, e, g, and h by conven-
tion. These coefTicients are not independent but
rather are inter-related through the material
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2 Piezoclectric Composite Sensors

diclectric and clastic constants. The charge
cocfficient, d. rclates (i) the applied electric
ficld to induced strain and (ii) stress to dielectric
displacement. The stress coefficient, e, relates (i)
applied electric field to stress and (ii) strain to
diclectric displacement. The voltage coefficient,
g, relates (i) the applied stress to generated
electric field and (ii) the dielectric displacement
to strain. The strain coefTicient, A, relates (i)
strain to electric field and (ii) dielectric displa-
cement to stress. The constitutive equations and
the relationships between the piezoelectric con-
stants can be found in any quality text which
covers piezoelectricity such as Moulson and
Herbert (1992), Rosen et al. (1992), Ikeda
(1990), Jaffe er al. (1971), and Berlincourt
et al. in Mason’s series on Physical Acoustics
(1964).

The constitutive equations show that piezo-
electric materials exhibit a linear relationship
between their elastic and electrical variables.
This is only true, however, at low levels of stress
and small electric fields. The effects of high
mechanical stress on nonlinearity depend pri-
marily on the orientation and frequency of the
applied stress with respect to the polar axis, as
well as the electrical load conditions (Berlin-
court et al., 1964).

5.25.3 PIEZOELECTRIC MATERIALS

Piezoelectricity only occurs in materials
whose crystal structure is noncentric. As such,
it is exhibited in certain classes of crystals,
ceramics, and polymers. In sensor-applications
where a variable has to be monitored over a
long period of time, piezoelectric crystals are
typically preferred over their piezoelectric cera-
mic counterparts (Maines, 1989). This is be-
cause crystals have much more stable
piezoelectric properties compared to poled
ceramics. Even though some piezoelectric crys-
tals used in sensor applications occur abun-
dantly in nature, they are more commonly
grown synthetically. To be of practical use,
however, they must be oriented and cut along
specific crystallographic directions to obtain
the best piezoelectric response. A number of
important piezoelectric crystals and their prop-
erties are described in Ikeda (1990) and by
Bhalla ef al. (1993) in the Landolt— Bérnstein
tables. The most common ones used in sensor
applications will be discussed here briefly.

Piezoelectric crystals are used most often in
accelerometers and specialty hydrophones (un-
derwater microphones). Quartz is the predomi-
nant material used for accelerometers (Maines,
1989). Lithium sulfate (because of its large gn

coefTicient) and tourmaline are two piezoelec-
tric crystals still used in commercial hydro-
phones. Tourmaline, along with Rochelle salt,
are used in hydrophones designed for shock
and blast measurements (Wilson, 1988).
Lithium niobate and lithium tantalate are
used as high-temperature acoustic sensors be-
cause they both maintain high sensitivity up to
400 °C (Turner e al., 1994).

The piezoelectric materials found in many
force and displacement sensors, however, are
poled polycrystalline ferroelectric ceramics.
Ceramic materials in general are characterized
as having high mechanical strength and repro-
ducible properties, possess a high resistance to
severe ambient conditions such as temperature,
pressure, and humidity, and perhaps most im-
portantly can usually be made into complex
shapes and large area pieces with little diffi-
culty.

Bulk polycrystalline ceramics are typically
synthesized via a high-temperature solid-state
reaction of mixed oxides. In ferroelectric cera-
mics, like-polarized regions within each ceramic
grain are formed as the ceramic cools through a
specific temperature. This temperature, known
as the Curie temperature, depends primarily on
the chemical composition of the ceramic. On a
macroscopic scale, these like-polarized regions
(domains) are randomly oriented throughout
the ceramic, resulting in no preferred polariza-
tion direction. The ferroelectric is therefore
nonpiezoelectric. .

Piezoelectricity is induced, however, by a
process known as poling. During poling, a
large static electric field is applied to the cera-
mic in a certain direction to switch the polar-
ization axes of the domains to those directions
(allowed by symmetry) which are nearest to
that of the applied field (Gallego-Jurez, 1989).
When the electric field is removed, some of the
more highly strained domains revert to their
original positions (depolarization), but a large
majority remain aligned (remnant polariza-
tion).

When poled, polycrystalline ferroelectrics are
often referred to as piezoelectric ceramics, or
simply piezoceramics (Berlincourt et al., 1964).
The piezoceramic will remain in a poled state
until it is either subjected to a mechanical stress
or electric field (the coercive field) sufficiently
large to reorient the domains or until it is
heated above its Curie temperature, at which
time its crystal structure will again become
centric and piezoelectricity will be lost. Depo-
larization over a long period of time (i.e.,
months to years) due to internal stress relaxa-
tion is known as aging.

The lead zirconate titanate family of compo-
sitions, which are better known as PZTs (a
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registered trademark of Clevite Corporation
(Jaffe and Berlincourt, 1965)), are the piezo-
electric ceramics of choice for many sensor
applications. This is because of their easily
tailorable, high piezoelectric properties as well
as their high electromechanical coupling and
relative ease of fabrication. In general, lead
zirconate titanate compositions are modified
by the addition of very small amounts (typically
less than 2 mol.%) of either donor or acceptor
dopants. The addition of dopants has a pro-
found impact on both the physical and electri-
cal properties of PZT. Donor dopants cause
cation (metal) vacancies in the crystal structure
which enhance domain reorientation and hence
the extrinsic contribution to piezoelectric prop-
erties. These piezoelectrically “soft” PZTs are
characterized by large piezoelectric coefficients,
large dielectric constants, high dielectric losses,

.large electromechanical coupling factors, very

high electrical resistance, low mechanical qual-
ity factors, a low coercive field and poor linear-
ity (Jaffe and Berlincourt, 1965; Berlincourt,
1981).

Acceptor dopants cause anion (oxygen) va-
cancies in the crystal structure. This leads to
piezoelectrically “hard” PZTs. Compared to
soft PZTs, hard PZTs have lower piezoelectric
coefficients, lower permittivity, lower dielectric
losses, lower electrical resistivity, a higher me-
chanical quality factor, higher coercive field,
are more difficult to pole and depole, and
have better linearity (Ikeda, 1990; Berlincourt,
1981). Commercial PZT manufacturers have
developed a general nomenclature based on
US military specifications (1995) to differenti-
ate the different PZT types, the physical and
piezoelectric properties of which are listed in
Table 1. Piezoelectric properties can show sta-
tistical and systematic fluctuations (up to 20%)
from batch to batch or even within a batch due
to slight chemical differences, variations in den-
sity, inhomogeneous chemical compositions,
variations in grain size, and varying response
to the poling treatment, etc. (Berlincourt ez al.,
1964).

Other poled piezoceramic materials are used
for specialty sensor applications. For instance,

lead titanate is sometimes used as a hydrophone

material or as a transceiver for use in medical
diagnosis when it is doped with either calcium
or strontium (Ikeda, 1990; Gallego-Jurez,
1989). This is due to its strong piezoelectric
anisotropy. When doped with other elements,

lead titanate is used as a knock sensor in auto-

mobiles. Its higher operating temperature range
allows it to be mounted closer to the combus-
tion chamber, giving it a faster response time
than PZT (Turner et al., 1994). Because of the
difficulty in making and poling lead titanate, it

is not used in more applications. Bismuth tita-
nate, when doped with sodium, can be used for
accelerometers at temperatures up to 400°C
(Turner et al., 1994). Lead metaniobate, a mem-
ber of the tungsten bronze family, is often used
in nondestructive testing, medical diagnostic
imaging, and for deep submergence hydro-
phones (Wilson, 1988). However, problems
such as a high level of porosity and relatively
low mechanical strength are often encountered
in its use. Antimony sulfur iodide has a very
high gy, coefficient, especially when it is mod-
ified with 4-8% oxygen, making it attractive for

" some hydrophone applications. It can only be

used at temperatures below 34 °C though (Wil-
son, 1988).

5.254 SENSOR CHARACTERIZATION

For a poled ferroelectric ceramic, there are
five nonzero piezoelectric coefficients. They are
Cay, C32, C33, Caa, and Cys, where C can repre-
sent either 4, e, g, or h. Because of crystal
symmetry, C; = C32 and Cos = C)s5. In the
case of the g; coefficient, the first digit in the
subscript, i, refers to the direction in which the
voltage is measured and the second digit,j, re-
fers to the direction of the applied stress. For a
piezoceramic poled in the 3- (or thickness) di-
rection, a voltage (V3) will be generated across
the electrodes which is proportional to the vol-
tage coefficient (g33), thickness of the element:
(1), and magnitude of the applied stress (c3) as:

¢))
The receiving sensitivity (M) of a piezoelec-

tric is equal to the open circuit voltage (V) that
it generates due to an applied stress (), or

V3= g33-103

M= Vo= gyt (2a)
Often, the sensitivity is reported in terms of
decibels (dB) referenced to 1 volt per 10—
Pascal (uPa) of pressure as

loﬁ’) (0dBre : 1V/pPa)

M(dB) = 20 - log (ﬁ-'—
(2b)

The sensitivity needs to be sufficiently high so
that the generated signal can be detected above
the background noise. In practice, the gener-
ated signal is small and has to be enhanced by
an appropriate charge or voltage amplifier. The
sensitivity is maximized when the g coefTicient is
maximized. The g coefficient is related to the d
coefficient through the material's dielectric con-

" stant, KZ-', as:
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g= {I/K,-,Ti:n (3)
where ¢, is the permittivity of free space.
Typically a large capacitance, which is directly
proportional to dielectric constant, is also de-
sirable for sensors in order to overcome the
electrical losses associated with the cables. Un-
fortunately, an increase in dielectric constant
results in a lower voltage coefficient, as seen in
the aforementioned equation. A flat sensitivity
response over the frequency band of interest is
another desirable characteristic for a sensor.
For in-air applications, either the g3 (long-
itudinal mdde) or the g5 (shear mode) coeffi-
cient of the piezoceramic is typically utilized.
When operating in the hydrostatic mode (i.e.,
when the incident stress is equal on all sides),
the tensor coefficients are represented as
dy = di3 + 2dyy and g, = g3 + 2gx. Unfortu-
nately, for poled piezoceramics (namely PZT),
the dss. coefficient is approximately twice the
magnitude and opposite in sign to the d3, coef-
ficient (see Table 1). Since K,}' for most ferro-
electric ceramics is very large (> 1000), the g,
coefficient is also small (Equation (3)). As a
consequence, the voltage generated by an in-
coming pressure wave is very low. In order to

improve the sensitivity of the piezoceramic, it

must be configured in such a way that the effect
of the hydrostatic pressure is minimized. This
usually takes the form of air backing one side of
the ceramic element, encapsulating part of the
ceramic in a soft polymer to absorb a portion of
the hydrostatic stress, or incorporating air
spaces into the sensor itself.

A figure-of-merit, the dj - g, product, is often
reported as a measure of the quality of the
sensing capability of the piezoelectric element
or to compare different hydrophone materials
(Bhalla and Ting, 1988). Quantitatively, it is
used to ascertain the type of amplifier required
in the electronic circuitry to overcome the self-
noise of the system. In the case of piezocompo-
sites, the dj- g, product should be normalized
by the volume of the device in order to make
accurate comparisons between the different
configurations (Gabrielson, 1997).

5.25.5 COMPOSITES

The basic idea behind a composite structure
is to maximize the desirable traits of each com-
ponent in the composite while minimizing the
effects of the less desirable features. In a two-
phase composite, each individual phase can be
connected to itself throughout the volume of
the composite in either 0, 1, 2, or 3 directions.
The connectivity of the individual phases is of
utmost importance because it controls the elec-

tric flux pattern as well as the mechanical prop-
erties of the composite. Both, in turn, can be
changed by orders of magnitude depending on
how the individual phases are connected (Pil-
grim et al., 1987).

The notation used to denote the different
connectivity patterns is known as the Newnham
connectivity (or classification) system (Pilgrim
et al., 1987; Newnham et al., 1978). The con-
vention is for the connectivity of the active
phase to appear first, followed by the connec-
tivity of the passive phase (Pilgrim et al., 1987).
There are 16 possible two-phase piezocompo-
site structures. The configurations for which
sensitivity measurements have been reported
are shown schematically in Figure 1.

5.25.5.1 Piezoelectric-Polymer Composites

The two most common composite types used
for sensor applications are those with 0-3 and 1-
3 connectivity. The remainder of this chapter
will focus on describing in more detail the
manufacturing techniques, properties, and
some practical applications for these two
types of piezocomposite. Other configurations
for which sensitivity results have been reported
will also be briefly discussed for the sake of
completeness.

Piezocomposites with 0-3 connectivity con-
sist of tiny nontouching piezoelectric particu-
lates randomly dispersed within a chloroprene
rubber host matrix. These composites are char-

" acterized by their mechanical robustness, flex-

ibility, and by their good acoustical impedance
match to air and especially water. Currently,
the primary commercial manufacturer of 0-3
type piezocomposites is the NTK Technical
Ceramics Division of the NGK Spark Plugs
Corporation in Japan. NTK markets their pro-
ducts under the tradename Piezo Rubber
(usually abbreviated as PR or PZR). Although
the PZT family predominates as the active
phase in most other piezocomposite designs,
lead titanates (PTs) are preferred in the 0-3s
(Newnham er al., 1984; Banno, 1983). The

reason for this is the large piezoelectric aniso- 2

tropy inherent in lead titanate and modified
lead titanates, which ultimately results in a
higher piezoelectric activity in the poled com-
posite.

Piezo Rubbers are fabricated by rolling a
well-dispersed ceramic-rubber mixture into
thin (~ 5 mm) large surface area sheets using a
hot roller, followed by an additional heat and
pressure treatment (Banno, 1990). Finally, both
the upper and lower surfaces are electroded
using an elastomer-based silver coating. Be-
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cause the individual ceramic particulates in the
composite are all surrounded by a low permit-
tivity dielectric polymer, poling requires a very
large static electric field. Fields of the order of
100kVem™ " applied for 1h are not unreason-
able. Adequate poling can be accomplished at
much lower fields (35-40 kVem~™') and for
shorter poling times (a few minutes) if a small
amount (about 1.5%) of carbon is added to the
polymer matrix during the mixing stage (Newn-
ham ef al., 1984). Unfortunately, the addition
of carbon contributes to an increase in the di-
electric dissipation loss (and subsequently
Johnson noise) in the composite. As a conse-
quence, the sensor signal-to-noise ratio is re-
duced: An alternative approach to reduce the
poling field without introducing an electrically
conducting material into the system is to delib-
erately select a polymer host matrix with a
relatively high temperature coefficient of resis-
tivity. By poling the composite at an elevated
temperature, it becomes possible to use the
improved ceramic/polymer resistivity balance
to give saturation poling, while at the same
time retaining the low resistivity and low loss
at the temperatures of operation (Twiney,
1992).

In addition to sheet form, NTK also manu-
factures 0-3s -in the form of long thin wires
under the tradename Piezo Wire. NTK Piezo
Wire is marketed primarily as a fiexible accel-
eration sensor, although it can also be used as a
pick up for an electric piano or electric guitar,
stretched across a street to monitor traffic flow,
or wrapped around the body to detect heart
sound and blood pressure. Research has also
included using 0-3s in smart systems to actively
control acoustic noise (Salloway, 1996). In ad-
dition, it has been investigated as a potential

thin-layer vibration detector which can be

coated directly onto a structure due to its
paint-like texture in the initial stage of manu-
facture (Egusa and Iwasawa, 1994).

Table 2 shows the relevant low-frequency
properties of various Piezo Rubber composi-
tions. The various numerical designations are
based on different ceramic powder volume frac-
tions and/or different particle size distributions.
The dielectric constant of each of the compo-
sites'is much less than that of the lead titanate
active phase (see Table 1) due to the presence of

the polymer matrix. Nevertheless, the acoustic

impedance, dielectric constant, and dielectric
loss are approximately constant for all the PR
types shown. The low characteristic impedance
implies that the Piezo Rubbers have a better
acoustic impedance match to either an air or
water medium than does the ceramic alone. The
reduction (compared to the monolithic cera-
mic) and the variation in the dy coefficients

are a result of the change in the volume fraction
of ceramic present from one PR type to an-
other. The large increase in the gy, coefficient is
due to the associated decrease in dielectric con-
stant.

Figure 2 shows the frequency dependence of
the receiving sensitivity (as defined by Equation
2(b)) for four different types of Piezo Rubbers
when used as a hydrophone. The nearly flat
sensitivity response between 10 Hz and 10kHz
indicates that they can be used effectively over
this entire frequency band. The pressure depen-

dencies of the receiving sensitivity (measured at

160 Hz) for these same PR types (plus 06) are
compared in Figure 3. As a rule of thumb, the
pressure in MPa is equivalent to 100 m of water
depth. The sensitivity of PR-305 is the most
pressure dependent. This was attributed to the
presence of porosity in the epoxy matrix
(Banno et al., 1987). The other compositions
are approximately pressure independent up
through 15MPa. Taking into account the
thickness of the various Piezo Rubbers in the
figure, their receiving sensitivities are 20-40dB
better than bulk PZT and up to 10dB better
than pure lead titanate (see Table 1). The dielec-
tric, piezoelectric, and elastic properties of 0-3
composites also vary as a function of tempera-
ture. These property variations are attributed
to the transition of the polymer matrix from
stiff glass-like to soft rubber-like behavior as
the temperature is increased (Rittenmyer and
Dubbelday, 1992). '

Piezoelectric-polymer composites with 1-3
connectivity consist of parallel aligned piezo-
ceramic (generally PZT) rods or fibers im-
bedded within a three-dimensional polymer
host matrix (Figure 1). This composite design
is intended to operate in its pure thickness
mode. The 1-3 type composites have been
used effectively as sensors at frequencies span-
ning from Hz to MHz. When used solely as a
sensor, the volume fraction of PZT in the com-
posite is generally between 5 and 25%. When
used for both transmit as well as receive, the
optimum PZT volume fraction is between 30
and 50%. As such, 1-3 type piezocomposite
sensors are generally much lighter in weight
than their 0-3 counterparts.

The polymer phase in a 1-3 composite serves
a dual purpose. First, it improves the mechan-
ical compliance as well as the acoustic impe-
dance match to either air or water compared to
the monolithic ceramic. Second and most im-
portantly, the polymer acts as a stress transfer
mechanism to decouple the longitudinal and
transverse contributions of the piezoceramic
to a hydrostatic stress. When subject to a hy-
drostatic stress, there are three contributions to
the hydrostatic piezoelectric voltage coefficient,
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gn. of the composite (Smith, 1993). The first

comes from the composite g3, in which the -

longitudinal, or axial, stress is transferred di-
rectly to the piezoceramic rods. The second
contribution comes from the composite gs;. In
this case, the transverse stresses are transmitted
to the sides of the piezoceramic elements via the
polymer. The third contribution also arises
from the composite g3;. When squeezed from
all sides, the polymer bulges due to the Poisson
ratio effect, pulling on the ceramic rods and
lengthening them. This g3; contribution from
the composite effectively counteracts the g3
contribution and consequently lowers the gy
of the structure. The effectiveness of the stress
transfer is characterized by a stress amplifica-
tion factor which depends on the individual rod
diameters, the rod-to-rod spacing, the volume
percent and arrangement of the rods, as well as
the stiffness of the polymer. Under a hydro-
static pressure, the stress amplification factor is
practically reduced by a factor of (1-2v), where
vis the Poisson ratio of the polymer phase (Cao
et al., 1992). Since the applied stress incident on
a 1-3 piezocomposite is designed to be carried
mainly by the piezoceramic rods, a pressure-
induced depolarization effect also occurs in the

rods. This effect can become quite pronounced

under large loads as well as for a low volume
fraction of rods, which is often the preferred
design choice for sensor applications. When
used under these conditions, the performance
of a 1-3 piezocomposite degrades, causing re-
liability problems in the device.

Various modifications to the 1-3 composite .

design have been investigated in an attempt to
alleviate these problems. The preferred solution
is to incorporate air pockets into the structure
to absorb the lateral strain. This has been done
by drilling air holes through the epoxy matrix in
a direction parallel to the ceramic rods (Hos-
sack and Bedi, 1994), eliminating the interface
between the rods and polymer, instead allowing
the stress transfer to be realized by armature
plates located on the upper and lower surfaces
of the composite (Eyraud et al., 1994), and
utilizing hollow, radially poled piezoceramic
tubes which operate in the g;; rather than the
g33 mode (Zhang et al., 1993; Wang et al,
1995). This latter design also has the advantage
of not depoling under high pressures. Incorpor-
ating a softer polymer phase between the cera-
mic rods and the stiffer polymer matrix has also
been tried (Kim et al., 1994), as well as a glass
fiber reinforcement phase in the lateral direc-
tion to support the transverse direction stress
(Haun et al., 1986). All these solutions, how-
ever, add complexity and manufacturing cost to
the composite.

The two primary commercial methods used

to manufacture 1-3 piezocomposites are the
dice-and-fill technique and injection molding.
The technology used typically depends on the
desired properties of the end product. For the
dice-and-fill technique (Savakus et al., 1981), a
diamond saw is used to cut perpendicular
grooves nearly through a piezoceramic plate
to form rows and columns of pillars. A suitable
polymer is then vacuum cast into the grooves.
After the polymer has cured, the ungrooved
backplate is ground away and the composite
is polished to the desired thickness. The com-
posite assembly is completed by electroding
both the upper and lower surfaces and poling.
The dice-and-fill technique limits the shape of
the pillars to be square or rectangular. Pillars
100 um on edge and groove sizes down to 25 um
can be achieved (Janas and Safari, 1995; Smith,
1992). Both are limited by the machinability of
the ceramic as well as the width of saw blade.
The dice-and-fill technique is adequate for the
production of small area samples, such as re-
quired in medical transducers. However, it is
not cost effective and is too time consuming for
applications requiring large area coverage.

Manufacturing 1-3 composites for large area
coverage is better suited to injection molding.
In order to perform the injection molding tech-
nique, the piezoceramic powder first has to be
thoroughly mixed with a suitable organic bin-
der which acts as a carrier during molding,
allowing its transfer as a viscous fluid under
heat and pressure (Bowen ef al., 1993). This hot
thermoplastic mixture is then rammed, or in-
jected, into a cold metal mold which is the
negative of the desired end product. This gives
a green (i.e., unfired) ceramic preform. When
the preform has been ejected from the mold, it is
slowly heated to burn out the organic binder
before being sintered. The sintered preform is
electroded, poled, encapsulated in a polymer,
and has the backing plate ground off (in that
order). Injection molding is a fast and simple
net-shape process which can provide dense,
large area pieces with different rod shapes, ar-
rangements, and diameters. The most expensive
feature of this technique is the production of the
mold. The primary commercial manufacturer
of injection molded 1-3 piezocomposites at the
present time is Material Systems Incorporated
(MSI) in the USA. Their composites, sold
under the tradename SonoPanels, can have
rod diameters between 70pum and Smm with
thicknesses upwards of 25mm. In addition,
ceramic volume fractions have ranged from 15
to 40% (Bowen et al., 1993, 1996).

There has been a long-term interest by the
US Navy in developing piezocomposites for
underwater sensor applications because of
their high hydrostatic sensitivity response.
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Over the years, this research effort has resulted
in the development of the piezo-polymer PVDF
as well as 0-3 piezocomposites. Advancement of
the 1-3 type piezocomposites, however, was
hindered due to the lack to manufacturing tech-
nology. With the advent of advanced proces-
sing methods, including the highly successful

" injection molding technique previously de-
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scribed, the advantages of the 1-3 piezocompo-
sites are now being realized. For example, one
application is a hull-mounted conformal array
for acoustical detection. Other recent applica-
tions based on the advanced-material proces-
sing capabilities include in-air and in-water
active control applications which use 1-3s con-
sisting of integrated pressure sensors, acceler-
ometers, and actuators (Gentilman ez al., 1996;
Fiore et al., 1997a, 1997b; Corsaro et al., 1997).
A photograph of the cutaway of a panel used
for vibration control applications is shown in
Figure 4.

Additional interest in 1-3 piezocomposites
include their use in medical pulse-echo ultraso-
nic transducers for acoustic imaging. The pri-
mary manufacturers of ultrasonic probes that
feature 1-3 piezocomposite materials as the
active component have been Phillips Medical
Systems, Echo Ultrasound, Acuson, Acoustic
Imaging, Precision Acoustic Devices, Hitachi,
and Siemens AG (Smith, 1992: Oakley, 1991;
Wersing, 1986; Takeuchi et al., 1984). Medical
ultrasonic transducers use the 1-3 design be-
cause of their lower acoustic impedance match-
ing to the medium, higher bandwidth, and
clean, mode-free operations.

The receiving sensitivity as a function of
frequency for a 6.3mm thick 1-3 piezocompo-
site (SonoPanel™) containing 15 vol.% PZT-
5H rods each 1.15mm in diameter is shown in
Figure 5. The receive sensitivity is quite high at
about —186dB, re:1 VpuPa™', and is nearly
constant from 1kHz to almost 100kHz. The
sensitivity of the composite is over 30 dB higher
than monolithic PZT-5H of the same thickness
and also compares well to a 0-3 Piezo Rubber.

The pressure dependence of the receive sen-
sitivity (measured at both 4°C and 29°C at
1kHz) of a 1-3 type piezocomposite is shown
in Figure 6. The composite contains 30 vol.%
PZT-4 rods each 1 mm on edge and 3 mm thick
and is encapsulated in an epoxy resin. The
response is flat up to at least 15MPa of pres-
sure. Compared to the 1-3 piezocomposite in
Figure 5, the lower sensitivity response in this
case is likely due to a combination of effects
from different PZT type, different epoxy
matrix, and thinner sample.

The low frequency properties of 1-3 piezo-
composites are shown in Table 3. In compar-
ison with 0-3 piezocomposites, the 1-3s exhibit

higher dh3 and d, coefficients, indicating that
they make better electromechanical actuators
and acoustic transmitters. Conversely, the 1-3s
have comparable or slightly lower gy, constants
(due to their higher dielectric constants). This
indicates that 1-3s and 0-3s are roughly equiva-
lent in terms of receive, or sensor, capability.
However, because of the lower dielectric dissi-
pation of 1-3 piezocomposites compared to the
0-3s, the self-noise level is 3-6dB less for 1-3
devices (Geil and Matteson, 1992; Geil et al.,
1996). Another advantage that the 1-3 config-
uration has over the 0-3 design is in design
tailorability. The 1-3 design can be easily mod-
ified to change the mechanical resonance fre-
quency and the mechanical Q, as well as other
aspects.

Other piezocomposite connectivities schemes
are either in the developmental stage, such as
the 3-3s, or essentially have been abandoned
because they are too difficult/costly to manu-
facture or show no significant advantage over
the 0-3 or 1-3 type piezocomposites (i.e., the 2-
2s). Composites with 3-3 connectivity were in-
itially fabricated by a technique known as the
replamine process (Skinner et al., 1978) which is
the lost wax replication of a coral skeleton.
Since then, additional technologies have been
developed such as the fugitive phase, or
BURPS (BURned out Polymer Spheres), pro-
cess (Shrout et al, 1979; Rittenmyer et al.,
1982) which produces a porous three-dimen-
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sionally interconnected ceramic structure by .

sintering a compacted mixture of volatilizable
plastic spheres and PZT powder. A reticulated
ceramic technology (Creeden and Schulze,
1996) and solid freeform fabrication (Bandyo-
padhyay et al., 1997) are two recently developed
potential manufacturing methods. In the latter
technique, a honeycomb-like piezoceramic
structure is built.up layer by layer by compu-
ter-aided fused deposition technology. The
ceramic lattice is then backfilled with polymer
and electroded to complete the composite.

In some 3-3 composites, the passive phase is
air rather than polymer. This kind of composite
is called a porous piezoceramic composite. Mit-
subishi Mining and Cement (now Mitsubishi
Materials) has developed several techniques for
introducing connected porosity into PZT cera-
mics: reactive sintering, foaming agents, or-
ganic additives, and careful control of particle
size and firing conditions (Gururaja er al.,
1988). The receiving sensitivity of such a com-
posite is shown in Figure 7. This composite
exhibits a nearly constant receive sensitivity of
—~207dB, re:1VpPa™!, from 1kHz through
40 kHz. When the g}, constant of this composite
was measured as a function of hydrostatic pres-
sure, a nearly flat response was observed up
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through 60 MPa. At this pressure, the response
had decreascd by only 1 dB from its initial value
(Ting, 1990).

Conventional composites exhibiting 3-1 and
3-2 connectivity consist of a PZT block with
holes drilled through either one side (3-1) or
both sides (3-2) in a direction perpendicular to
the poled direction of the PZT. The holes are
subsequently back-filled with polymer. In 3-1
and 3-2 composites manufactured in this way,
the dielectric constant, as well as the dj, and gy
coefficients, are all functions of hole size, PZT
thickness, poling technique, and center-to-cen-
ter distance between adjacent holes (Safari et al.,
1982). The receiving sensitivity for a typical 3-1
piczocomposite at three different frequencies is
shown in Figure 8. The response is relatively
independent of frequency and pressure up
through 6 MPa. A higher response is generated
in the 3-2 composite because of its greater
mechanical compliance. The primary draw-
backs of these latter two configurations are in
manufacturing, durability, and mechanical
flexibility.

5.25.5.2 Piezoelectric-Metal Composites

In ceramic-metal composites, metal face-
plates, shells, or caps are mechanically coupled
to both the active ceramic as well as the sur-
rounding medium and are the means by which
the incident stress is transferred to the piezo-
ceramic. The best ceramic-metal composite
sensors are the flextensional-type transducers.
In a flextensional sensor, the flexural vibration
of the metal shell causes an extensional (or
contractional) vibration in the piezoelectric ele-
ment. Flextensional transducers are typically
quite massive, in terms of both size and weight.
The “moonie™ and “cymbal” type transducers
are miniaturized versions of flextensionals.

The moonie and cymbal transducers possess
2-(0)-2 connectivity. These transducers consist
of a piezoceramic disk sandwiched between two
metal caps, each of which contains a shallow
air-filled cavity on its inner surface. In the case
of the moonie, the cavities are in the shape of a
half-moon, whereas the cymbal has a truncated
cone-shaped cavity (Figure 9). The presence of
these cavities allows the metal caps to serve as
mechanical transformers for converting and
amplifying a portion of the incident axial-direc-
tion stress into tangential and radial stresses of
opposite sign. Thus, the g3 and g3; contribu-
tions of the PZT now add together (rather than
subtracting) in the effective g, of the device
(Tressler et al., 1995). For a moonie transducer,
an effective d,-g, product exceeding

50000 x 10" m® N~! is achievable (Xu
et al., 1991). A cymbal transducer, on the
other hand, can exhibit an effective dj, - gn, pro-
duct exceeding 100000 x 10~'* m* N-!
because of its more efficient stress-transfer
mechanism (Tressler et al., 1995). The higher
sensitivity in the case of the cymbal compared
to the moonie is at the expense of an increase in
pressure dependence in its performance. Flex-
tensional moonie-type transducers have seen
extensive use as the sensor component in
towed arrays used for underwater oil explora-
tion,

5.25.6 SUMMARY

The sensitivity (M) of a piezoelectric is a
function of its voltage coefficient (g;) and its
thickness (z) as M = g;;- 1. A poled piezoelectric
ceramic such as PZT has five nonzero coeffi-
cients: £a1 = &32, 833 and g15 = 824 For in-air
applications, either the g3; (longitudinal mode)
or g5 (shear mode) coefficients are typically
used. When used in a hydrostatic mode, such
as when fully immersed in water, the sensitivity
is proportional to the hydrostatic g-coefficient
(gn) which is equal to g3; + 2g3 . For a poled
piezoelectric ceramic, g3 ~—2g3 due to crystal-
lographic symmetry arguments. Thus, the sen-
sitivity of a monolithic piezoelectric ceramic
under hydrostatic conditions is rather low.
This is the main reason why piezoelectric cera-

_ mics are incorporated into composite config-

urations. 4
Piezoceramic—polymer composites are de-
signed to eliminate either the g3, or gs3 contri-
bution to gy,. The manner in which the ceramic
and polymer are self-connected throughout the
composite volume has a marked effect on its
properties. Composites with 0-3 connectivity
are typically in the form of flexible rubber
sheets. They are characterized by high sensitiv-
ity, high pressure tolerance, a broad operating
bandwidth, as well as a good acoustical impe-
dance match to air or water. Piezocomposites
with 1-3 connectivity have roughly the same
performance characteristics as 0-3s. Physically,
though, they are more rigid, lighter in weight,
and can be more easily tailored to application-
specific needs. As seen in Table 3, other piezo-
composite designs have not shown any marked
advantage over the 0-3 or 1-3 composite de-
signs. Piezoceramic—metal composites (flexten-
sional devices) exhibit very high sensitivity
because they are engineered such that the gi3
and gs, coefficients of the piezoceramic con-
structively contribute to the g, of the device
(i.e., they effectively add together rather than
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subtract). Compared to the aforementioned
piezoceramic—polymer composites, mctal cera-
mic composites have a much narrower operat-
ing bandwidth and show more highly pressure-
dependent performance characteristics.
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Table 1 Room temperature piczoelectric propertics of common piezoceramic materials.
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Military specification Commercial specification T, diz dy dis K5 M*

Type 1 PZT-4 328 289 -123 96 1300 -229
Type 1 PZT-5A 365 374 -171 584 1700 —-234
Type 111 PZT-8 300 218 —93 330 1000 -229
Type V PZT-5] 250 500 -220 670 2600 -232
Type Vi PZT-5H 193 593 -274 741 3400 —236
—_— (Pb.Ca)TiO, 255 68 -3 71 209 —-209

Source: Gullego-Juirez, < 19> 1989; Jaffe and Berlincourt. <27>1965; Morgan Matroc; <33> Vernitron Piezoelectric Division. < 56>
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12 Piczoelectric Composite Sensors
Table 2 ~Properties of 0-3 Piezo Rubber composites.
NTK designation p pe K tan & day da dy 2n M
PR-303 5300 7.0 43 0.06 48 —155 17 45 -207
PR-304 5300 8.3 40 0.03 56 —18.5 19 55 —205
PR-305 5500 6.7 37 0.03 46 =25 41 124 —-198
PR-306 5300 8.5 38 0.02 34 -7.0 20 58 —205
PR-307 5900 8.4 45 0.05 52 —-4.0 4 111 —-199
PR-308 6200 9.1 57 0.05 58 -5.0 48 95 —200

Source: NTK Technical Cerumics. <37>
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Table 3 Comparison of typical low-frequency piezoelectric properties of various piezocomposite structures.

Type p K% dia d, gh dygn M*

0-3 5900 45 52 44 111 4884 —199
1-3 1800 460 550 268 66 17688 -204
3-1 760 350 230 34 7800 -209
3-2 320 300 322 113 36300 -—199
3.3 3840 200 190 90 50 4500 —206

Source: NTK Technical Ceramics; <37;> Bowen ef al., <9> 1996; Safari er al., <43> 1982 Gururaja ef al., <23>1988.
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Figure 1 Diagram of the various composite connectivity schemes described in this chapter. The poling
direction is noted by the arrows.
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Figure 2 . Frequency dependence of the receiving sensitivity for Piezo Rubber composites PR-303, PR-305,

PR-306. ind PR 307, which are designated by 03, 05, 06, and 07 in the figure. PR-303, PR-305, and PR-306

were each 3 mm thick, whereas PR-307 was 2mm thick (reproduced by permission of the American Institute -
of Physics from Jpn. J. Appl. Phys., 1987, 26 Suppl. 26-1, 153-155).
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Figure 3 Pressure dependence of the receiving sensitivity (measured at 160 Hz) for Piezo Rubbers PR-303,
PR-305, PR-306, PR-307, and PR-308 which are designated by 03, 05, 06, 07, and 08 in the figure. PR-303,
PR-305, and PR-306 were each 3 mm thick, whereas PR-307 and PR-308 were both 2- mm thick (reproduced
by permission of the American Institute of Physics from Jpn. J. Appl. Phys., 1987, 26 Suppl. 26-1, 153-155).
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Figure 4 Piezocomposite SmartPanel™ from MSI

used for active control of underwater vibration and

noise (reproduced by permission of the SPIE from

‘Proceedings of the SPIE: Smart Structures and

Materials 1997—Industrial and Commercial Appli-

cations of Smart Structures Technologies’, 1997,
vol. 3044, pp. 391-396).
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Figure 5 Frequency dependence of the receiving
sensitivity of 3 6.4mm thick MSI injection molded
1-3 composite- utilizing PZT-5H (reproduced by
permission of the IEEE from ‘Ultrasonics Sympo-
sium Proceedings’, 1993, vol. 1, pp. 499-503).
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Figure 7  Frequency dependence of the receiving sensitivity of a porous (3-3) composite PZT-5 hydrophone
(reproduced by permission of Gordon and Breach Publishers from Ferroelectrics, 1990, 102, 215-224).
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Figure 9 Cross-sectional views of the (a) moonie-type and (b) cymbal-type flextensional metal-ceramic
composite sensors. The cross-hatched areas represent the piezoceramic disk and the gray areas designate the
. metal caps.
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Abstract

Following the trend in structural applications. composite structures are being used more commonly in transducer applications to improve
acoustic, mechanical and electrical performance of piezoelectric devices. Functional composite transducers for actuators and sensors
generally consist of an active ceramic phase incorporated with a passive polymer phase, each of which has a phase transition associated
with it. In this paper. several polymer—piezoelectric ceramic composite transducers, mostly designed for sensing hydrostatic waves, are
discussed based on the connectivity of the constituent phases. Also discussed are some recent examples of metal—ceramic composites, and
single element ceramic transducers with modified shapes for improved performance. A comparison of these designs is given based on their

hydrophone figure of merit (dy-gy). © 1999 Elsevier Science Ltd. All rights reserved.

Kevwords: Composites: Transducers: Piezoelectrics

1. Introduction

Composite materials have found use in a number of struc-
tural applications. but their use in the electronics industry
has been relatively limited. As the advantages of compo-
sites, sensors, and actuators become more clear. this picture
is expected to change.

Functional composites make use of a number of under-
lying ideas. including the following: connectivity patterns
leading to field and force concentration: the use of periodi-
city and scale in resonant structures: the symmetry of a
composite structure and its influence on physical properties;
polychromatic percolation and coupled conduction paths:
varistor action and other interfacial effects: sum, combina-
tion, and other product properties: coupled phase-transfor-
mation phenomena; and the important roles that porosity
and inner surface play in many functional composite mate-
rials. These ideas provide a basic understanding of func-
tional composite sensors and actuators.

An important approach to making functional composites
is to bring together two or more different materials, each of
which has a phase transition associated with it. As an exam-
ple, polymeric materials having phase transitions in which
the elastic properties undergo large changes are combined

* Corresponding author. Tel.: + 1-814-865-1612: fax: + 1-814-865-
7593.

with ferroelectric materials in which the dielectric proper-
ties have an associated instability. The two materials have
different types of instability, allowing for the building up of
structures especially good for sensing and actuating.

When constructing functional composites, one is gener-
ally not trying to optimize all of the tensor coefficients but
only those appearing in the figure of merit. Combining a
mechanically soft but electrically hard (with a low dielectric
constant) polymer with a mechanically stiff but electrically
soft ferroelectric ceramic in various connectivity schemes
allows for the build-up of parallel and series connections
that optimize particular combinations of tensor coefficients.

In addition to the ceramic polymer composites, other
novel approaches in semsor and actuator design for
improved performance and amplified sensing and/or actua-
tion response include incorporating metals and ceramics
into a composite structure, as well as modifying the geome-
try of the ceramic. One example of a metal —ceramic compo-
site sensor configuration is the flextensional-type
transducer, in which metal endcaps are used to transfer
stress to the piezoelectric ceramic. Recent examples of flex-
tensional transducers, namely the ‘moonie’ and the
‘cymbal’ type miniaturized versions, will be discussed in
the following sections. Improving transducer performance
through modified geometry will also be discussed using the
shell shape monomorph ‘rainbow’ and the hollow spherical
‘BB’ transducers as examples.

1359-835X/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Connectivity of constituent phases in piezoelectric ceramic—polymer composites.

2. Ceramic—-polymer composites

Newnham et al. [1] established the notation for describing
the number of dimensions that each phase is physically in
contact with itself. To date, eight different types of two-
phase piezoelectric composites (piezocomposites) have
been studied: 0-3, 1-3, 2-2, 2-3, 3-0, 3~1, 3-2, and 3-
3. In the case of piezocomposites, the first number in the
notation denotes the physical connectivity of the active
phase and the second number refers to the physical connec-
tivity of the passive phase. A schematic of these different
connectivities is shown in Fig. 1.

Most ceramic—polymer composites have been used as
hydrophones and as biomedical transducers. The purpose
of the polymer is to detect a portion the hydrostatic
stress in either the transverse or longitudinal direction,
to effectively eliminate either the gi; or g3 contribution
to the g, of the poled ceramic. Extensive investigations
have been performed to determine which ceramic—poly-
mer connectivity configuration will provide the optimum
hydrophone performance. The optimum performance is
associated with maximizing the figure of merit, which in
this case is the dy-g, product. The d coefficient is the
hydrostatic piezoelectric charge coefficient and is
reported in terms of 1072 Coulombs per Newton (pC/
N). The g, coefficient is the hydrostatic piezoelectric
voltage coefficient and is reported in terms of 107°
Volt-meters per Newton (mV-m/N). Thus, the figure of
merit has units of 107'° meters squared per Newton, or
fm¥N. In the following sections examples of ceramic
polymer composites with various connectivities are

discussed.

2.1. Composites with 3—3 connectivity

Composites with 3-3 connectivity were the first of the
two-phase composites to be investigated. Composites with
this connectivity have unpoled reinforcement in the lateral
directions which serves to further decouple negative contri-
butions from lateral stresses [2]. They were initially fabri-
cated by a technique known as the replamine process [3]
which involves the lost wax replication of a coral skeleton.
Since then, additional technologies have been developed
such as the fugitive phase, or BURPS, process {4] which
produces a porous three-dimensionally interconnected cera-
mic structure by sintering a compacted mixture of volatiliz-
able plastic spheres and PZT powder. Mitsubishi Mining
and Cement has developed severai techniques for introdu-
cing connected porosity into PZT ceramics: reactive sinter-
ing, foaming agents, organic additives, and careful control
of particle size and firing conditions [5]. A reticulated cera-
mic technology has recently been used to produce 3-3
composites [2]. Reticulated ceramics are created by coating
an organic foam substrate (i.e. polyurethane) with a ceramic
slurry, pyrolyzing the foam, and then sintering the ceramic.

2.2. Composites with 0—3 and 3-0 connectivity

Composites with 0-3 connectivity consist of a random
array of piezoelectric particles dispersed in a 3D polymer
matrix [6]. The primary advantage of these composites is
their ability to be formed into shapes while remaining piezo-
electrically active. These composites are manufactured
commercially by NTK Technical Ceramic Division of the
NGK Spark Plugs Corporation in Japan under the name



J.F. Tressler et al. / Composites: Part A 30 (1999) 477-482 479

PiezoRubber (NTK-306). PiezoRubber was developed by
Banno and Saito and utilizes PT (lead titanate) rather than
PZT in order to take advantage of the large piezoelectric
anisotropy in PT [7]. The g, value reported by NTK for their
PiezoRubber depends on the volume fraction of ceramic
present and can be pressure insensitive up to 35 MPa [8-
11].

The first 3—0 composites were fabricated by a tape cast-
ing technique. Fugitive ink was screen printed onto green
PZT sheets which were subsequently stacked. When the ink
and binder were burned out and the ceramic sintered, the
resultant PZT block contained pores where the ink was
originally located. A second method for fabricating 3-0
composites consisted of hot pressing a mixture of large
polymer spheres and PZT powder [5].

2.3. Composites with 3—~1, 3-2 and 2-3 connectivity

Conventional composites exhibiting 3-1 and 3-2
connectivity consist of a PZT block with holes drilled
through either one side (3-1) or both sides (3-2) in a direc-
tion perpendicular to the poled direction of the PZT. The
holes are subsequently backfilled with polymer. The one-
dimensional or two-dimensional interconnected polymeric
phases in the transverse direction reduce the g3 and g3,
contributions to the hydrostatic voltage response by
decreasing the stress coupling in the plane normal to the
poled direction [12]. A negligible change in properties
occurs up to 7 MPa. In 3-1 and 3-2 composites manufac-
tured in this way, the dielectric constant, as well as the d;,
and g, coefficients are all functions of hole size, PZT thick-
ness, poling technique, and center-to-center distance
between adjacent holes [5].

The relic process [13], in combination with a weaving
technique, has been developed at Rutgers University to
easily manufacture large area composites consisting of
fine PZT fibers interconnected in two dimensions and
embedded in a 3D interconnected polymer matrix (2-3
connectivity). In this process, carbon fabric fibers of 10 to
20 pm in diameter are soaked in PZT slurry and then woven
into yarns with the desired structure. The carbon is then
burned out and the resulting PZT relic is sintered to leave
a structure similar to the original carbon tempiate. A piezo-
electric/polymer composite is subsequently formed by infil-
trating with epoxy.

Another type of 3—1 composite configuration utilizes a
thin-walled 3D interconnected piezoceramic frame (also
known as a honeycomb). The first honeycombs were
poled in directions either parallel or perpendicular (trans-
verse) to the extrusion direction with the epoxy phase and
PZT connected mechanically in parallel and series, respec-
tively [5]. Recently, a configuration has been devised where
the poling direction of the piezoceramic is parallel to the
frame direction [14]. Thus, it operates in the d3; mode. The
high hydrostatic response comes from the sum of the indi-
vidual responses of the three orthogonal directions of the

frame. That makes this composite better than a capped
cylinder, in which only the axial direction contributes to
the hydrostatic response.

2.4. Composites with 1--3 connectivity

Unquestionably, the composites with 1-3 connectivity
are the most studied, understood, and utilized of all the
two-phase connectivity types. This composite consists of
individual PZT rods or fibers aligned in a direction parallel
to the poling direction and surrounded by a polymer matrix.
A decoupling of the d3; and dj coefficients of the composite
enhances the dy. The rod diameter, rod spacing, composite
thickness, volume percent of rods, and polymer compliance
all influence the composite performance.

The first 1-3s were made from extruded PZT rods,
ranging in diameter from 254 to 840 wm, which were
aligned in a specially designed fixture which allowed for
the epoxy to be poured around the rods [15]. Because of
the labor-intensive procedure, this technique does not lend
itself well to mass production. The dice and fill technique
[16] is more easily adapted to the mass production of smal-
ler samples, but is too costly to meet the needs of large area
coverage [8]. This technology involves the cutting of deep
grooves into a solid block of PZT using a diamond saw.
Square rods with sides of length down to 50 m are achiev-
able with aspect ratios approaching 20 [17]. Square rods can
give rise to undesirable inter-post resonant activity. This
problem can be alleviated if circular or irregularly shaped
rods are used instead [18]. By dicing a honeycomb config-
uration, ‘+°, ‘L’, and ‘T’ shapes were easily fabricated [13].
Materials Systems has developed a new technology for the
mass production of large area 1-3 composites using an
injection molding process [19]. This process is capable of
producing arrays with rod diameters < 100 pm. It is also
possible to easily vary the PZT element type, layout, and
shape.

Cao et al. [20] have shown that the stress transfer in 1-3
composites is accomplished through shear coupling at the
interface between the ceramic and the polymer. The effec-
tiveness of the stress transfer can be characterized by a stress
amplification factor which depends upon the elastic proper-
ties of both phases, the ceramic content, and, most impor-
tantly, the aspect ratio (radius/length) of the ceramic rods.
These same parameters also affect the displacement unifor-
mity over the surface of the composite [21]. When subject to
a hydrostatic pressure, the stress applied in the transverse
direction reduces the stress enhancement effect in the axial
direction. This is due to the Poisson ratio effect. When
squeezed from both sides, the polymer bulges, pulling on
the ceramic rods and trying to lengthen them. Hence, under
hydrostatic pressure, the stress amplification factor is prac-
tically reduced by a factor of (1 — 20), where o is the
Poisson ratio. Essentially, this produces a contribution to
the d3, of the composite from the ds; of the ceramic [22],
which in turn lowers the dj, of the structure.
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000

(a) Moonie Structure

(b) Cymbal structure

Fig. 2. Cross-sectional views of the (a) moonie and (b) cymbal transducers.
The dark areas represent the caps. and the hatched areas the PZT disk.

Preparing a 1-3 composite using thin-wall piezoelectric
hollow spheres as the active ceramic phase is also feasible.
The resultant structure has a good acoustic matching with
water due to the low acoustic impedance of polymer and the
air-filled space in the ceramic part. Hollow spheres are
discussed in more detail in Section 4.

2.5. Composites with 2—2 connectiviry

For large area acoustic projectors. it is necessary to gener-
ate large surface displacements while operating at a moder-
ate driving voltage to get high radiative power over a wide
frequency range. The 1-3 type composites often cannot
meet these requirements. In addition. the dj, coefficient is
limited by the longitudinal piezoelectric strain coefficient
dy;. The 2-2 piezocomposites might be an answer to these
problems. In a 2-2 composite the stress transfer between the
two phases depends on the volume percent of active compo-
nent as well as the aspect ratio of the two components [23].
There are two different configurations for 2-2 composites:
laminated 2-2 which consists of layers of PZT sandwiched
between layers of polymer and poled through the layers, and
2-2 piezocomposites poled over the side faces, parallel to
the layers. The latter operates in the transverse d3 mode and
possesses the advantages of the PZT 1-3 tubular composite
but with lower manufacturing costs and a simpler fabrica-
tion process [24]. This transverse operating mode 2-2
composite also exhibits much better performance than the
conventional longitudinal mode 2-2 laminated {13,24].

3. Ceramic-metal composites

Ceramic—metal composites generally have a simple
design with a metal faceplate, shell, or cap that couples
to both the ceramic as well as the surrounding medium.
The metal component transfers the incident stress to the
ceramic or the displacement to the medium. Flextensional

transducers are good examples of ceramic—metal compo-
sites. In flextensional transducers, the flexural vibration of
the metal shell causes an extensional (or contractional)
vibration of the piezoelectric element [25]. The miniatur-
ized versions of flextensionals, the moonie and cymbal
transducers possess 2—(0)-2 connectivity. These transdu-
cers, shown in Fig. 2, consist of a poled piezoelectric disk
(fully electroded on both faces) which is sandwiched
between two metal endcaps, each containing a shallow
air-filled cavity on their inner surface.

In the case of the moonie, the cavities are in the shape of a
half moon, whereas the cymbal has a truncated cone-shaped
cavity. The presence of these cavities allows the metal caps
to serve as mechanical transformers for transforming and
amplifying a portion of the incident axial-direction stress
into tangential and radial stresses of opposite sign. Thus,
the ds3 and d3 contributions of the PZT now add together
(rather than subtracting) in the effective dy, of the device
[26].

4. Single element transducers

A single piezoelectric ceramic element with electroded
surfaces is the most basic and simple transducer, but this
type of transducer has severe limitations, such as low dj and
high acoustic impedance. As a result, composite structures
which have good acoustic matching to water, and with their
designs to amplify externally applied stress, became the
main transducer configuration. However, composite struc-
tures are not the only avenue to an improved transducer
performance. In recent years, several single element cera-
mic transducers with specially designed geometries were
shown to display a performance comparable to composite
transducers. Two of these, miniature hollow sphere transdu-
cers (BBs) and monomorph ‘rainbow’, transducers will be
discussed in this section.

Directional characteristics are important in designing a
transducer for underwater applications, and when omnidi-
rectional reception is required a spherical design is most
often used. Miniature piezoelectric hollow spheres, also
known as BBs due to their similarity in size to the pellets
used in buckshot, are made using a coaxial nozzle slurry
technique with a diameter of 1-6 mm and a wall thickness
of 40 to 150 wm [27]. Spheres with both tangential and
radial poling configurations, shown in Fig. 3, exhibit a
very large hydrophone figure of merit (dy-gy). The amplifi-
cation of d, and figure of merit in BBs results purely from
the spherical geometry. An applied hydrostatic pressure is
transformed into radial and tangential stress components,
which are amplified with a factor which can be defined as
the ratio of radius to wall thickness (7/f). Properties of the
BBs are reported to remain stable up to 7 MPa.

Another novel design exploiting the geometry of a single
ceramic element is the monomorph flexural disk transducer
‘rainbow’. The rainbow transducer shows excellent promise
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Fig. 3. Radial (a) and tangential (b) poling configurations of BB
transducers.

as a low pressure ( < 100 kPa) sensor and/or acoustic trans-
mitter. It consists of an electromechanically active layer,
such as PZT, in direct contact with a lead-rich constraining
layer [28]. This constraining layer is formed by exposing
one side of the ceramic to a reducing atmosphere at high
temperature by placing the ceramic in contact with a carbon
block. Due to the thermal expansion mismatch between the
reduced non-piezoelectric layer and the oxide piezoelectric
layer, a curvature develops in the structure, giving it a dome
shape, with the oxide layer in compression throughout its
volume. The dome needs to be fixed on a base plate when it
is used as a pressure sensor; otherwise, the voltage response
will only be equal to that of the bulk ceramic. Rainbows
exhibit highly pressure-dependent properties but are extre-
mely robust. As pressure increases, the dome gradually fiat-
tens, decreasing the bending contribution to g, until it
reaches the bulk value. Hydrophone figures of merit
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Fig. 4. Comparison of hydrophone figure of merit of several piezoelectric
ceramics and transducer designs.

(dy-gy) of all the composite and single element transducers
discussed so far are compared in the plot in Fig. 4. In this
figure, the figure of merit of the transducers marked with an
asterisk is size dependent. Therefore, the figure of merit is
calculated for a I cm? transducer for a valid comparison.

5. Conclusions

Some important goals in composite transducer research
include: improved acoustic impedance—better coupling to
air, fluids, and metals; lower drive voltage through the use of
internal electrodes; improved sensitivity to hydrostatic
waves; strain amplification to produce enlarged displace-
ments; acoustic isolation of adjacent sound sources; passive
and active vibration suppression; enhanced high-frequency
performance through mode control; mechanical strength
and flexibility; backing layers to absorb unwanted vibra-
tions; reduced hysteresis; internal stress and field rearrange-
ment; improved breakdown strength; tuned coupling
coefficients, including permittivity, and elasticity; beam-
forming capability; and rapid ringdown.

Integration and miniaturization of electroceramic compo-
nents is an ongoing process in the automotive and consumer
electronics areas. Multilayer packages containing signal
processing layers made up of low permittivity dielectrics
and printed metal interconnections are in widespread
production. Further integration with embedded resistors
and capacitors is under development and it seems likely
that sensor and actuator systems will make use of the
same processing technology. Tape casting and screen print-
ing are processes used most often, and varistors, chemical
sensors, thermistors, and piezoelectric transducers can all be
fabricated this way, opening up the possibility of multicom-
ponent multifunction integrated ceramics.
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Capped ceramic underwater sound projector: The “cymbal”
transducer
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A new type of transducer has been developed for use as a shallow-water sound projector at
frequencies below 50 kHz. Dubbed the “‘cymbal,”” it is similar to the more commonly known
“‘moonie’’ and class V ring/shell flextensional designs. Prototype cymbal arrays 2 mm thick with a
radiating area of 11.4 cm? have been developed and calibrated. Two mounting schemes have been

examined: unpotted (oil-filled) and potted in a 5-mm

thick layer of stiff polyurethane. In both cases,

a transmitting response comparable to the more widely used Tonpilz transducer (with an equivalent
radiating area) is attainable. When tested under hydrostatic pressures, a standard cymbal
configuration has been shown to withstand exposures of 2.5 MPa (which corresponds to 250 m of
water depth) before failure. © 1999 Acoustical Society of America. [S0001-4966(99)02801-5]

PACS numbers: 43.10.Ln, 43.38.Fx, 43.30.Yj [SLE]

INTRODUCTION

Sound transmission is the single most effective means of
directing energy transfer over large distances underwater.'
The acoustic frequency range for various types of underwater
transducer applications spans seven decades, from 10 Hz to
100 MHz.2 There is currently a great interest in the develop-
ment of shallow-water (<250 m) acoustic projectors that op-
erate in the frequency range from | kHz to 100 kHz.? Poten-
tial applications include seabed penetration for buried mines
as well as underwater surveillance, navigation, target detec-
tion and classification. Ideally, these transducers should be
thin, lightweight, exhibit medium to high acoustic-output
power, be able to conform to a curved surface, and be of
simple design such that they are easy and inexpensive to
mass produce.

Currently, the predominant underwater projector sys-
tems that operate in the 1 kHz to 100-kHz frequency band
are Tonpilz transducers and 1-3 type piezoelectric compos-
ites. The Tonpilz transducer consists of a stack of piezoelec-
tric ceramic (typically lead zirconate titanate-PZT) rings con-
nected mechanically in series and electrically in parallel. The
ring stack is sandwiched between two metal masses: a heavy
tailmass and a light, flared headmass which serves to trans-
mit the generated acoustic energy into the surrounding me-
dium. Tonpilz transducers are characterized by their very
large acoustic-output power, are typically tens of centimeters
in thickness, weigh up to several kilograms, and are designed
to operate at frequencies up to 100 kHz.

a)uGelected research articles’ are ones chosen occasionally by the Editor-
in-Chief that are judged (a) to have a subject of wide acoustical interest,
and (b) to be written for understanding by broad acoustical readership.

bpresented at the 133rd meeting of the Acoustical Society of America held
at The Pennsylvania State University, June 1997 [J. Acoust. Soc. Am. 101,
3094(A) (1997)].
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The 1-3 type piezoelectric composites consist of a num-
ber of piezoelectric ceramic rods separated by a 3-D inter-
connected polymer matrix. These composites have been
manufactured in a number of ways.* The current state-of-the-
art fabrication technique is injection molding.> The perfor-
mance of 1-3 piezoelectric composites is strongly affected by
the elastic properties of both the ceramic and polymer phases
as well as the aspect ratio, the volume fraction, and the ar-
rangement of the piezoelectric ceramic rods.® These types of
composites can be conformed to a curved surface and acous-
tically matched with water. The 1-3 piezoelectric composites
designed for use below 100 kHz are at least 10 mm thick.

Polyvinylidene fluoride (PVDF) and its chemically re-
lated copolymers are piezoelectric polymers that are readily
available from a number of commercial manufacturers in
material thicknesses ranging from 5 to at least 600 um.7 The
high compliance and low density of these piezoelectric poly-
mers aliow them to be easily shaped to conform to curved
surfaces and to acoustically match to water. The large piezo-
electric voltage coefficient, g, of PVDF renders it an excel-
lent acoustic receiver material. However, its low piezoelec-
wric strain coefficient, d,, makes it a rather poor sound
projector. A low permittivity also requires the use of expen-
sive built-in electronics packaging because of the large elec-
trical impedance mismatch between the piezoelectric poly-
mer and the circuitry.®

A third type of underwater projector that is seeing a
resurgence in interest is the fiextensional transducer. Flexten-
sionals have been in existence since the 1920s and have seen
use as underwater projectors since the late 1950s.° Flexten-
sionals consist of a piezoelectric ceramic drive element or
assembly encapsulated by a metal shell. The metal shell acts
as a mechanical transformer to convert the large generative
force of the piezoelectric ceramic into increased displace-
ment. The shape of the shell has become quite diverse over
the years, and so a classification system has been established
to group the common designs together.’o Flextensional trans-
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FIG. 1. Cross-sectional views of the (a) moonie-type, and (b) cymbal-type
transducers. The dark areas represent the caps and the cross-hatched areas
the PZT disks. The dimensions designated by the numerals shown are listed

in Table I.

ducers typically range in size from several centimeters to
several meters in length and can-weigh up to several hun-
dreds of kilograms.

A miniaturized version of the class V flextensional
wransducer was developed in the late 1980s at the Materials
Research Laboratory at The Pennsylvania State University
for use as a hydrophone.'"'? This transducer is named the
moonie due to the crescent moon-shaped cavity on the inner
surface of the caps. A second generation moonie-type trans-
ducer, which consists of a thinner cap with a slightly differ-
ent shape, has recently been developed for use as a micropo-
sitioning actuator.'>'* This transducer has been dubbed the
cymbal due to the similarity in the shape of its caps to that of
the musical instrument of the same name. The cymbal cap
shape is also more conducive to mass production than the
moonie. A comparison of the moonie and cymbal designs is
shown in Fig. 1.

The moonie and cymbal transducers consist of a piezo-
electric ceramic (usually PZT) disk poled in the thickness
direction which is sandwiched between and mechanically
coupled to two metal caps, each of which contains a shallow,
air-filled cavity on its inner surface. When used as a sound
projector, the caps convert and amplify the small radial dis-
placement and vibration velocity of the piezoelectric ceramic
disk into a much larger axial displacement and vibration ve-
Jocity normal to the surface of the caps. This enhanced dis-
placement and vibration velocity from the caps contribute to
a much larger acoustic-pressure output than would occur in
the uncapped ceramic. The principle of using the cymbal as a
hydrophone has been explained previously.’> The dimen-
sions of the standard-size moonie and cymbal transducers are
presented in Table 1.

The cymbal cap design was an outgrowth of results ob-
tained via finite element analysis (using SAP90, MARK, and
ANSYS®) on transducers with the moonie-style cap. Large
stress concentrations were calculated in the moonie cap in
the region above the bonding area.'*!® In order to reduce this
stress concentration, ring-shaped grooves of varying size
were introduced into the moonie-type caps. This design
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TABLE 1. Dimensions of the standard moonie and cymbal transducers.

Moonie parameter Dimension (mm)

1—PZT diameter 12.7
2-—PZT thickness 1.0
3-—cap diameter 12.7
4—cap thickness 1.0
5——cavity depth 0.25
6-—cavity diameter 9.0

Cymbal parameter Dimension (mm)

1—PZT diameter 12.7
2—PZT thickness 10
3—cap diameter 12.7
4—cap thickness 025
S5—cavity depth 032
6—Dbase cavity diameter 9.0
7-——dimple diameter 3.0

modification was found to not only reduce the stress concen-
tration in the metal, but also enhanced the axial displacement
at the center of the caps.”'18 Onitsuka’s results showed that
the optimum groove size extended from the edge of the inner
air cavity to the outer edge of the cap.'® Dogan extended this
concept and devised the cymbal cap design along with a
fabrication technique applicable to mass produce the caps.”®
The effects of materials properties and cap geometry on the
actuator performance of the cymbals have been modeled
both analytically?® and using finite element analysis.?! Finite
element modeling to ascertain underwater acoustic perfor-
mance is ongoing.

1. PARAMETERS TO MEASURE

Among the relevant parameters required to fully charac-
terize an underwater projector, the most important are reso-
nance frequency, mechanical Q(Qn), electroacoustic effi-
ciency, electromechanical ~coupling coefficient  (K.g),
transmitting voltage response (TVR), source level (SL), and
acoustic directivity (beam) patterns. Transmitting voltage re-
sponse is equal to the ratio of the sound pressure produced
by the projector, referenced (re:) to a distance of one meter
from its acoustic center, to unit voltage applied across the
electrical terminals of the transducer.? It is reported in terms
of dB re: 1 uPa/V @1 m, or as 1 uPa-m/V. Source level is
the intensity of the radiated sound field relative to the inten-
sity of a plane wave of rms pressure 1 uPa referred to a point
one meter from the acoustic center of the projector.23 Source
level is related to the transmitting voltage response through-
the applied input rms voltage as:

SL=TVR+20-log Viyms- (1)

In general, a source level of greater than 200 dB re: 1
uPa @1 m is desirable. The beam pattern describes the re-
sponse of the transducer relative to its main acoustic axis.

- Il. EXPERIMENTAL PROCEDURE

Single-element cymbal transducers were fabricated by
first punching 12.7-mm-diam blanks from a sheet of metal
foil. These blanks were then molded into caps of the desired
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TABLE II. Relevant materials properties of the caps* and PZT.

Cap material ~ Young’s modulus Density Poisson’s ratio

brass 100.6 GPa 8550 kg/m’ 0.35

titanium 120.2 GPa 4500 kg/m’ 0.361

molybdenum 324.8 GPa 10 200 kg/m? 0.28
Dielectric constant

PZT type dy; dys (el/eq)

552 (5H) ~274 pC/N 593 pC/N 3400

SA -171 pC/N 374 pC/N 1700

4 ~123 pC/N 289 pC/N 1300

8 -93 pC/N 218 pC/N 1000

*Smithell’s Metals Reference Book, edited by E. A. Brandes (Butterworth,
New York, 1983), 6th ed., Table 15.1.
b4 Jaffe and D. A. Berlincourt, *‘Piezoelectric Transducer Materials,”
Proc. IEEE 53(10), 1372-1386 (1965).

FIG. 2. Top views of the 9-element cymbal arrays (a) potted in polyurethane
and (b) unpotted; (c) unpotted cymbal array viewed from the side. The scale
is ruled in centimeters.
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FIG. 3. Measured admittance spectra of a standard-size brass-capped cym-
bal both in air and in water. Resonance is associated with the fundamental

flexural vibration mode of the caps.”'

shape using a die press. Since there is no machining in-
volved, this process is relatively inexpensive and hospitable
to mass production. The flanges of the caps were bonded to a
poled PZT-552 disk (Piezo Kinetics, Inc., Bellefonte, PA)
using a very thin (=20 um) layer of insulating epoxy
(Eccobond® 45LV/Catalyst 15LV; Emerson and Cuming,
Inc., Woburn, MA). The entire assembly was allowed to cure
at room temperature for at least 24 h while under moderate
pressure. The relevant properties of the cap materials and
piezoelectric ceramics used are given in Table IL

The quality of the bonding layer after curing was char-
acterized by measuring the in-air admittance spectra of the
transducer using an HP 4194A impedance/gain phase ana-
lyzer. Spurious vibration modes are indicative of a poorly
bonded transducer.?* Admittance characteristics, both in air
and in water, were also used to determine resonance fre-
quency, ks, O » and electroacoustic efficiency. Charge am-
plification on the PZT electrodes (due to the presence of the
caps) was measured using a modified Berlincourt d3; meter.
The water depths to which the cymbal transducers can be
taken before failure was ascertained by measuring their ef-
fective hydrostatic piezoelectric charge coefficient (df,") asa
function of hydrostatic pressure. A thorough explanation of
this procedure has been previously provided."

Single-element transducers utilizing the PZT-552 com-
position as the active component were incorporated into
9-element square arrays. Two mounting schemes were inves-
tigated: unpotted (i.e., oil-filled boot) and potted in approxi-
mately 5 mm of water-impedance-matching polyurethane

TABLE III. Typical air- and water-loaded characteristics of the standard-
size brass-capped cymbal transducer.

Air-loading Water-loading
Resonance frequency 25.2 kHz 16.1 kHz
kegr 0.214 0.219
Onm 200 20
electroacoustic efficiency 90%
5 (PZT-552) 12000 pC/N
d5¥ (PZT-5A) 8000 pC/N
ds¥ (PZT-4) 6000 pC/N
45 (PZT-8) 5000 pC/N
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FIG. 4. Transmitting voltage response in the neighborhood of the funda-
mental resonance frequency of single-element, standard-size brass-capped
cymbals utilizing PZT-552, 5A, or 4.

with hardness Shore-A90. In both cases, the center-to-center
spacing between the elements-was about 13.4 mm. For the
potted array, electrical leads were attached to the caps on the
positive side on each of the nine cymbals in the array using
silver epoxy, and the assembly was wired together in paral-
lel. The other surface of the array was attached to a kapton
backing with conductive transfer tape, which served as the
ground electrode.

The single elements in the unpotted array were sand-
wiched between two copper-clad printed circuit boards, each
1.5 mm thick. Holes 11.2 mm in diameter were drilled equi-
distant from one another through the boards which then
housed the elements, thus allowing the dome of the cymbal
caps to flex freely. Plastic spacers 1.5 mm thick were used to
maintain a uniform distance between the upper and lower
panels, which were screwed together tightly, as well as to
keep the cymbal elements in place. Pictures of the two
mounting configurations are shown in Fig. 2.

Underwater calibration tests were performed in the
anechoic water tank at the Applied Research Laboratory at
Penn State. The tank measured 7.9 m in length, 5.3 m in
width, and 5.5 m in depth. A pure-tone sinusoidal pulse sig-
nal of 2 ms duration was applied to the test transducer, and
its acoustic output was subsequently measured by a standard
F33 recalibrated as a hydrophone. The test transducer and
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FIG. 5. Comparison of the transmitting voltage response of a single-element
brass-capped cymbal with that of the potted 9-element array.
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FIG. 6. Comparison of the transmitting voltage response of the potted and
unpotted (oil-filled) 9-element cymbal arrays.

the standard were positioned so that they were at a depth of
2.74 m and separated by a distance of 3.16 m.

lil. RESULTS AND DISCUSSION

Figure 3 shows the measured admittance spectra of a
well-bonded, standard-size brass-capped cymbal transducer
in the neighborhood of its fundamental resonance frequency
both in air and in water. The downward shift in the reso-
nance frequency is due to the acoustic mass-loading effect of
the water. The resonance frequency of the cymbal transducer
is controlled by the elastic properties of the cap material, the
cap shape, and the overall diameter of the device.”' Table III
provides typical measured data for the parameters described
in Sec. I. These are all values for standard-size, single-
element brass-capped cymbals. The reported d;; coefficient
is actually an effective d; coefficient (since it is reported for
a device) and will hereafter be designated as d5f. The PZT
type in parentheses is the type used as the active element in
the transducer. :

The transmitting voltage response in the neighborhood
of the first resonance frequency for same-size, single-element
brass-capped cymbal transducers utilizing different PZT
types is shown in Fig. 4. The peak value of the transmitting
response correlates with the dS¥ coefficient of the device, as
seen from Table III. The higher d; (and thus d3,) coefficient
of the piezoelectric ceramic results in a larger axial displace-
ment in the caps; hence, a larger volume velocity which

TABLE IV. The calculated increase in TVR (in the neighborhood of the
fundamental resonance of the single element) for unpotted oil-filled brass-
capped cymbal arrays of different radiating area, The measured TVR at this
frequency is shown for comparison. Active element is PZT-552.

Number of cymbals Expected increase Measured

Radiating area in the array in TVR at 18 kHz* TVR at 18 kHz
1.27 cm? 1 0 dB 130 dB
11.4 cm? 9 4 dB 134 dB
127 cm? 100 23 dB 153 dB®
507 cm? 400 35 dB

As compared to the single element, includes mutual acoustic interactions

between elements.
bj, Zhang and W. J. Hughes, The Pennsylvania State University, unpub-

lished data, 1998.
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FIG. 7. Comparison of the transmitting voltage response of unpotted
9-element cymbal arrays with either brass caps or titanium caps.

leads to a higher acoustic-output pressure and subsequently,
a higher TVR at resonance. Single-element cymbals are
characterized by a relatively high Q,(=~20), low ks
(=~0.22) and consequently, a narrow bandwidth.

If the acoustic impedance loading of a single cymbal
were purely real (i.e., no mass loading), then incorporating
the single-cymbal elements into a 9-element square array
should theoretically enhance the transmitting voltage re-
sponse by a factor of about 19 dB(=20-log9). A single
cymbal, however, is mass loaded. Increasing the radiating
area of the projector should serve to increase its radiation
resistance and hence boost its acoustic-output power. Figure
5 compares the TVR of the single-element cymbal trans-
ducer to that of the 9-element potted array. When the single
elements were potted in an array, the fundamental resonance
was strongly damped, and there was only about a 4-dB en-
hancement in the TVR. The damping of the resonance was
attributed to two detrimental effects: the shear components
of the polyurethane potting layer acting to damp the reso-
nance, and array element interactions. Interestingly, though,
a more broadband transmitting response was observed. The
larger radiating area also means that the array begins to ap-
proach *‘pc’" loading conditions as compared to the ‘‘mass’’
radiation loaded single element. The array resonance, there-
fore, does not shift down in frequency from the in-air mea-
surement as much as does the single element. No significant
difference in projector performance was observed when
comparing results with the polyurethane layer (front) or the
kapton layer (back) facing the standard receiver. The phasing
of the displacements of the single-element cymbals relative
to one another in the array was measured using a fiber-optic
interferometer. When the array was driven at 100 V (peak) at
10 kHz, all the transducers were found to vibrate in phase
within one deg.

In order to further examine the effect the potting layer
had on the performance of the cymbal array, a second array
was built and tested. This array was unpotted (i.e., oil filled).
The TVR curves for the potted and unpotted arrays are com-
pared in Fig. 6. Even in the case of the oil-filled array, the
resonance frequency is again strongly damped. The mutual
acoustic impedance between the individual radiators in the
array was then estimated using a technique described by
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FIG. 8. Source level curves for the 9-clement unpotted brass-capped array
for drive levels starting at 40 dB re: 1 V and ending at 56 dB re: | V in
increments of 1 dB re: 1 V.

Pritchard. In his analysis of same-size circular disks vibrat-
ing (all with the same velocity) in an infinite rigid plane, the
mutual radiation impedance (Z,,) can be expressed as:

(ka)?
le=(R,2+jX12)E[PC1m2- ;) }
sin(kd;)  cos(kd;)
[ kd; ! " kd, J @

when (ka)?<1 and (a/d)<1 and where R, is the mutual
radiation resistance, X, is the mutual radiation reactance, pc
is the characteristic impedance of the medium, a is the radius
of the disk, d; is the respective center-to-center spacing be-
tween the disks, and & is the wave number. Since the ka for
the nine element array (=2 at 18 kHz) is sufficiently large
such that R>X, the mutual radiation impedance can be taken
as simply the real part of Z,, at this frequency. The term in
braces { } in Eq. (2) is equal to the self-radiation resistance
(R;) of a single radiator in the array. Ultimately, the mutual
radiation resistance (R,,) seen by the array is equal to nine
times the self-radiation resistance (due to the ninefold in-
crease in area) multiplied by a factor representing the inter-
element interactions, R; [i.e., the bracketed term [ ] in Eq.
(2)). Taking the radiating frequency as 18 kHz and the clos-
est center-to-center spacing between two adjacent elements
in the array as 13.4 mm, the real part of the bracketed term,
R;, is equal to 5.714. The expected increase in TVR in an
array as compared to a single element at a given frequency is
therefore actually equal to (20- log N—20- log R;), where N is
the increase in radiating area (or number of elements in the
array). In the case of the nine-element arrays used in this
analysis, the calculated increase in TVR (taking into account
the mutual radiation impedance) at 18 kHz as compared to
the single element should be 4 dB, which is what was ex-
perimentally observed in the case of the unpotted array (see
Table IV). The slightly lower TVR seen in the case of the
potted array can then be attributed to additional damping
effects due to the stiff polymer. At frequencies beyond the
resonance, mutual radiation impedance becomes less signifi-
cant, and the approximate 19-dB increase in TVR as ex-
pected in the case of the unloaded array is observed.

Figure 7 compares the TVR curves for unpotted
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10 kHz, (b) 20 kHz, (c) 30 kHz, (d) 50 kHz, and (e) 130
_ Tl

FIG. 9. Transmit-beam patterns for the cymbal arrays at (a)
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FIG. 9. (Continued.)

9-element cymbal arrays consisting of either brass or tita-
nium caps. Below 20 kHz, the curves are practically identi-
cal. At higher frequencies, however, the titanium-capped
cymbal array exhibits about a 3-dB higher TVR than the
brass-capped cymbal array. The specific acoustic impedance
(z=pc) of brass, titanium, and water are 40.4, 27.3, and
1.5 MPa-s/m, respectively.* Since the ratio of the character-
istic impedance of brass to water is approximately v2 times
the ratio of the characteristic impedance of titanium to water,
and 20-log V2 is 3 dB, the increase in TVR may be due to
the better acoustic match of titanium to the water environ-
ment.

Figure 8 shows the measured source-level curves for the
unpotted brass-capped array. The curves correspond to drive
levels ranging from 40 dB re: 1 V to 56 dB re: 1 Vin
increments of 1 dB re: 1 V. At a drive level of 57dBre:1V,
the array failed and hence no measurement was recorded.
The cause of failure was cracking in the caps due to work
hardening.?’ The primary resonance is evident at 18.5 kHz,
when the drive level is 40 dB re: 1 V and is present up to a
drive level of 54 dB re: 1 V, above which it is suppressed
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and nonlinear behavior becomes apparent. When driven
slightly below its failure level (e.g..52dB re: 1 V), a source
level of 180 dB re: 1 uPa-m or greater is generated between
10 and at least 25 kHz. However, this is for a radiating area
of only 11.4 cm?. A simple way to enhance the source level
is by increasing the number of elements in the array and
hence increase the radiating area.

The beam patterns at various frequencies for the cymbal
array are shown in Fig. 9. Atlow frequency (half-wavelength
aperture or less), the array exhibits near-omnidirectionality.
Interference between the signals generated by the individual
elements in the array leads to more complex beam patterns
seen at higher frequencies. Nonsymmetry in the patterns is a
result of individual elements in the array not being matched -
in phase. It is important to be able to determine the theoret-
jcal patterns to know what to expect from the measured ar-
ray. In order to calculate the patterns in this 3X3 array,
simple line theory was used. The patterns in the horizontal
plane can be calculated by using a line array consisting of N
(=3 in this case) equally spaced, equally phased, equal
strength sources. The relative strength, P, at any incident
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FIG. 10. Pressure dependence of the effective d,, coefficient for standard-
size single-element cymbal transducers with (a) brass caps and (b) molyb-
denum caps of varying cavity depth.

angle, J, normal to the face of the projector can be calcu-
lated from the expression:28
) (de -sin Q)
sin| —————
2
kd-sin &\’
2

where d is the center-to-center spacing between the elements
and k is the wave number. The nulls are found by calculating
the angles which make P=0. From Eq. (3), the appearance
of the first null is predicted to occur at 37 kHz when & is 90
deg. Nulls in the pattern occur at angles where the radiated
waves from each cymbal are separated by a distance of one
half-wavelength. Grating lobes, which are secondary major
lobes, will appear at higher frequencies. The number of side
lobes present between the main and grating lobes is equal to
the number of cymbal elements along a side in the array less
two. As seen at 130 kHz [Fig. 9(e)], there is one side lobe
between the main lobe and the grating lobe. In Fig. 9(d), 50
kHz, the side lobes becomes significant. The only null in the
first quadrant at 50 kHz was calculated to be about 48 deg,
which compares well to the null seen in the pattern in Fig.
9(d). The first quadrant nulls at 130 kHz were calculated to
be at about 17, 35, and 59 deg. The first two correlate well

p= €)

N- sin('
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with those seen in the pattern [Fig. 9(e)]. However, the null
at 59 deg is masked by the grating lobe.

Figure 10 shows the measured pressure dependence of
the dt coefficients of single-element brass-capped and
molybdenum-capped cymbal transducers with different cav-
ity depths (dc). The standard brass-capped cymbal can with-
stand hydrostatic pressures of up to 2.5 MPa (250 m water
depth) before failing. Failure was found to be due to the caps
being deformed beyond their elastic limits, hence eliminating
the effective stress-transfer mechanism between the piezo-
electric ceramic and the caps.?” As can be seen, the pressure
tolerance of the transducer is dependent upon the stiffness of
the cap material as well as the cap shape. With the stiff
molybdenum caps, cymbals with deep cavities can withstand
at least 7 MPa of pressure. Unfortunately, the stiff molybde-
num caps cannot flex as readily as the softer brass caps,
hence their displacement (and ultimately the TVR) is ex-
pected to be lower than that of the brass-capped cymbals.

V. CONCLUSIONS

The cymbal transducer array appears to be a viable can-
didate for medium- to high-power shallow-water acoustic
projector applications at frequencies below 50 kHz. Prelimi-
nary results indicate that it compares quite favorably with
both the Tonpilz and 1-3 composites, at least in terms of
output power. Its thin profile when incorporated into arrays
makes it ideal for conforming to a curved surface. In addi-
tion, its simple design and uncomplicated construction
method should render it easy and hence inexpensive to mass
produce.
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